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Abstract
The creep behavior of six oxide-oxide ceramic-matrix composites (CMCs) was
investigated at 1100 ◦C in laboratory air and in steam environments. The six CMC
systems had an alumina ( Al2O3 ) matrix reinforced with Nextel
TM610 ﬁbers. The
CMC systems C1, C2 and C3 were reinforced with 10 uni-directional ﬁber layers in
a symmetric cross-ply (0◦/90◦/0◦/90◦/0◦)s orientation. In the case of composites C2
and C3, monazite (LaPO4) ﬁber coating was applied to the ﬁbers. Composite C1
contained no ﬁber coating. In the case of composites C1 and C2, alumina matrix was
inﬁltrated with monazite. The CMC systems C4, C5,and C6 were reinforced with 8
plies of ﬁber fabric woven in a balanced eight-harness satin weave (8HSW). In the
case of composites C4 and C6, monazite (LaPO4) ﬁber coating was applied to the
ﬁbers. Composite C5 contained no ﬁber coating. In the case of composite C6,alumina
matrix was inﬁltrated with AlOCl. The tensile stress-strain behaviors of the six CMC
systems were investigated,and the tensile properties measured at 1100 ◦C. Diﬀerent
methods used to apply the monazite coating to the uni-tape cross-ply composites, and
the woven composites were the likely cause of reduced strength of the woven CMCs.
Creep performance of all six CMC systems was noticeably degraded in steam. The
presence of steam accelerated creep rates and signiﬁcantly reduced creep lifetimes. In
air, creep run-out, deﬁned as 100 h at creep stress, was achieved for composites C4
and C6. In steam, creep run-out was not achieved. Results reveal that for a given
ﬁber architecture and ﬁber coating method, the use of the monazite coating resulted
in considerable improvement in creep resistance at 1100 ◦C in both air and steam
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under high temperature, high pressure, and severe environments [39]. Ceramic-
matrix composites (CMCs), capable of maintaining excellent strength and fracture
toughness at high temperatures, are attractive candidate materials for such applica-
tions. Furthermore, the lower densities of CMCs and their higher use temperatures,
together with a reduced need for cooling air, allow for improved high-temperature
performance when compared to conventional nickel-based superalloys [52]. It is envi-
sioned that advanced reusable space launch vehicles will incorporate CMCs in critical
propulsion components [43]. However, these applications require exposure to oxi-
dizing environments. Therefore a better understanding of thermodynamic stability
and oxidation resistance of CMCs are vital. CMCs can be divided into two groups as
non-oxide and all-oxide composites. While non-oxide composite has at least one non-
oxide phase, all-oxide (oxide-oxide) composite has phases all of which are inherently
oxidized.
Non-oxide ﬁber/non-oxide matrix composites generally exhibit poor oxidation
resistance [30, 41],particularly at intermediate temperatures (∼800 ◦C). The degra-
dation involves oxidation of ﬁbers, ﬁber coatings, and matrices and is typically accel-
erated by the presence of moisture [11,14,32]. Using a non-oxide ﬁber/oxide matrix
or oxide ﬁber/non-oxide matrix composites generally does not substantially improve
the high temperature oxidation resistance [15]. The need for environmentally stable
composites motivated the development of CMCs based on environmentally stable ox-
ide constituents [23, 26, 27, 31, 35, 36, 45, 46, 48]. Oxide/Oxide CMCs were developed
to combat the environmental degradation. These materials use oxide based ceram-
ics such as alumina (Al2O3) that have an inherent resistance to oxidation. While
the oxide-oxide CMCs show improved oxidation resistance,their creep resistance and
other aspects of performance are still below the levels required in aerospace applica-
tions. Active research into various ways to further improve performance of oxide-oxide
CMCs at elevated temperatures in aggressive environments has taken place in recent
years [12, 13, 26, 27, 35, 36, 48]. The use of various ﬁber coatings to promote envi-
ronmental stability has been one aspect of such research eﬀorts. Monazite coating is
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one example. It provides a weak interface between the ﬁber and matrix and resists
oxidation at elevated temperatures due to being inherently oxidized. Recent eﬀorts
[29, 40] investigated the eﬀects of monazite ﬁber coating on tensile and compressive
creep performance of the NextelTM610/alumina composite at elevated temperatures
in laboratory air. Ruggles-Wrenn et al [29, page 3] reported that the addition of
monazite improved the creep resistance of NextelTM610/alumina composite at ele-
vated temperatures in air. The present study will investigate the eﬀects of monazite
coating on creep performance of six diﬀerent variants of the NextelTM610/alumina
material system at 1100 ◦C in air and in steam environments.
3
II. Background
2.1 Ceramic Matrix Composites ( CMCs )
Composite materials are often classiﬁed according to the characteristics of the
matrix material, i.e. polymer matrix composites (PMCs), metal matrix composites
(MMCs), ceramic matrix composites (CMCs). The term “ceramic” applies to a wide
range of materials. Ceramics are typically inorganic and non-metallic materials, which
consist of a combination of metallic and non-metallic elements with a crystalline
structure [1]. Ceramics generally exhibit high strength, hardness, and excellent
heat resistance. The high-temperature strength of ceramics makes them particularly
attractive to the aerospace design community. The maximum service temperatures
of polymers, metals and ceramics [20, page 5] are shown in Fig. 2.1. Ceramics are
the only class of material that can be reliably used at temperatures above 1100 ◦C.
Despite the many attractive properties of ceramics,the use of this class of ma-
terials in load-bearing components has been limited due to inherent brittleness and
low thermal shock tolerance until last several decades [37]. Most metallic alloys ex-
hibit signiﬁcant deformation in tension prior to failure. Ceramics, on the other hand,
exhibit elastic behavior until the stress level reaches the ultimate tensile strength
(UTS). Catastrophic tensile failure in monolithic ceramics initiates at small defects
formed during processing. Minimization of such defects may improve performance,
but thermal shock and cyclic loading can exacerbate any existing ﬂaws in the struc-
ture [41, page 9]. CMCs,introduced in the late 1970s, were developed speciﬁcally to
combat the brittle behavior of monolithic ceramics.
Ceramic matrix composites are designed to minimize the drawbacks of mono-
lithic ceramics. Continuous ﬁber ceramic composites (CFCCs) consist of a ceramic
matrix reinforced with high aspect-ratio ceramic ﬁbers (typical ﬁber diameter 10 μm).
Ceramic matrix composites are designed to combine the high temperature resistance
of ceramics with higher fracture toughness. Energy dissipating phenomena such as
ﬁber matrix debonding, crack deﬂection, ﬁber bridging and ﬁber pullout inherent in
CMCs signiﬁcantly raise the damage tolerance of the material [20, page 8]. Compared
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Figure 2.1: service temperatures of polymers, metals and ceramics [M7:5].
to monolithic ceramics, CFCCs exhibit reduced brittleness and decreased susceptibil-
ity to both ﬂaws and thermal shock, while maintaining excellent properties at high
temperatures [42]. This permits the use of CMCs in applications where monolithic
ceramics cannot be employed. Fig. 2.2 shows general trends of strength to weight
ratio versus temperature for various types of materials, including CMCs [43].
2.2 Matrix Materials
Ceramic matrix materials possess the ability to withstand very high tempera-
tures. Ceramics are made up of one or more metals combined with a nonmetal such
as oxygen, carbon, nitrogen, or boron. They are generally stoichiometric, i.e. they
have a ﬁxed ratio of cations to anions. Some examples of ceramic matrix materials
are alumina (Al2O3), silicon carbide (SiC), and silicon nitride (Si3N4).
Ceramic matrix materials can be non-oxide or oxide ceramics. Common non-
oxide ceramic matrix materials are silicon carbide, silicon nitride,and titanium di-
boride. Oxide ceramic matrix materials include alumina or zirconia. Oxide ceramics
5
Figure 2.2: Strength to weight ratio versus temperature range [43].
are inherently oxidation resistant, whereas non-oxide ceramics rely on a layer of silica
(SiO2 ) to prevent oxidation.
2.3 Ceramic Fibers
Ceramic ﬁbers exhibit high fracture toughness,high strength and high elastic
modulus, along with high temperature resistant capability. With these excellent prop-
erties, ceramic ﬁbers are useful as reinforcements in high-temperature structural com-
posites. Ceramic ﬁbers are categorized on the basis of ﬁber size. Typically,ceramic
ﬁbers are produced as (1) multiﬁber tows consisting of 100-1000 smaller (5-15 μm)
diameter ﬁbers or (2) larger monoﬁlaments (50-100 μm in diameter). Monoﬁlament
ﬁbers are used mainly in metal matrix composites. Smaller diameter ﬁber tows are
used in CMCs, where the use of small-diameter ﬁbers causes a reduction in scale of
microstructural defects associated with the ﬁbers [7, page 15].
Ceramic ﬁbers can be non-oxide or oxide ﬁbers. Non-oxide ﬁbers generally con-
tain silicon carbide (SiC). Examples of SiC based ﬁbers include Nicalon, Tyranno
and Sylramic [51]. Other non-oxide ﬁbers contain silicon nitride, boron carbide, and
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Table 2.1: Summary of key ﬁber properties and resulting
CMC beneﬁts. From DiCarlo et al [10].
Fiber Property CMC Benefit
· High Modulus








· Improves CMC as-fabricated strength, CMC
strength retention and creep resistance during
service.
· High Oxidative Stability · Improves CMC service life in oxidizing
environments.
· Small Diameter · Improves matrix strength and facilitates fab-
rication of thin and complex-shaped CMCs.
· Low Density · Improves CMC speciﬁc properties for
weight-sensitive applications and reduces
stresses in CMC rotating components.
· Low Cost · Reduces CMC cost and improves CMC com-
mercial viability.
boron nitride [21, page 49]. Oxide ﬁbers are mostly alumina-based (Al2O3), but may
contain small amounts of SiO2. Some examples of oxide ﬁbers are the Nextel
TM610,
650, and 720 ﬁbers developed by 3M or yttrium-aluminum garnet (YAG) ﬁbers de-
veloped by General Atomics [51]. Oxide ﬁbers are inherently oxidation resistant.
The key properties needed in a continuous ceramic ﬁber for use as reinforcement
in high temperature continuous-ﬁber ceramic matrix composite, along with the beneﬁt
gained from each property are summarized in Table 2.1 from DiCarlo et al [10].
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2.4 Fiber-Matrix Interface
The increased toughness in CMCs is derived from the interaction between the
ﬁber and the matrix at the ﬁber/matrix interface. The failure of a typical CMC
evolves in several stages. During initial applied loading, ﬁbers and matrix share the
stress based on their respective elastic moduli and volume fractions. The matrix,
which typically has numerous pores and ﬂaws, fails ﬁrst. A network of microcracks
develops in the matrix. Matrix microcracks eventually coalesce into larger cracks
that will propagate through the matrix and toward the ﬁbers. In order to maintain
structural integrity of the ﬁbers, cracks must be deﬂected around the ﬁbers and not
allowed to propagate through the ﬁber. A weak ﬁber/matrix interface allows ﬁber-
matrix debonding and crack deﬂection followed by crack bridging, ﬁber fracture and
ﬁnally ﬁber pullout [20, page 169]. Crack deﬂection is the energy dissipating event
that provides for a delayed failure and higher toughness in CMCs (Fig. 2.3). A
schematic of the CMC failure as a function of the interfacial bond is shown in Fig.
2.4. The interface between ﬁber and matrix is critical to achieving the ﬂaw tolerance,
which distinguishes CMCs from monolithic ceramics [47].
In the earliest ceramic composites, weak ﬁber/matrix interfacial layers were
formed by the degradation of the ﬁber. The weak interfacial layer protected the
ﬁber by deﬂecting matrix cracks through ﬁber-matrix debonding and sliding, thereby
reducing the stress concentration on the ﬁber [19]. Ceramic matrix composites that
rely on a weak interface for crack deﬂection can be characterized by their stress strain
curve (see Fig. 2.4). Initially, when the matrix and ﬁbers share the load, the stress-
strain curve is linear. The slope of the curve starts to decrease as microcracks form
in the matrix. As the matrix cracks grow and begin to coalesce, a distinctive knee is
seen in the stress-strain curve. At this stage,cracks propagate through the thickness
of the material and all load is transferred to the ﬁbers. Now, the material response is
dominated by failure of individual ﬁbers and subsequent load transfer to other ﬁbers
until the material fails.
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Figure 2.3: Failure of a CMC as a function of interfacial bond [20, page 170].
Figure 2.4: Typical stress strain curve for CMCs with weak interface [M20:10] [24,
page 10].
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Figure 2.5: Schematics of the damage processes that enable damage tolerance in
(a) conventional dense-matrix weak-interface CFCC and (b) porous matrix CFCC
without ﬁber coatings [53].
More recently, another method of achieving damage tolerance has been de-
veloped and used in CMCs. The approach involves using a weak porous matrix
[23, page 37]. The porosity and strength of the matrix must be controlled to be low
enough to enable crack deﬂection, yet high enough to maintain adequate oﬀ-axis and
interlaminar strength properties [25]. The diﬀerent damage processes that enable
damage tolerance in CMCs with a weak interface and in CMCs with a porous matrix
are schematically shown in Fig. 2.5 [53].
2.5 Oxidation
Environmental degradation of CMCs is the biggest limiting factor for use of
CMCs in high temperature applications. Oxidation is of particular concern in com-
posites containing carbon, where at elevated temperatures carbon is with time com-
pletely dissipated in the form of carbon monoxide or carbon dioxide. Such composites
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Figure 2.6: Schematic representation of oxidation progression through a matrix
crack [49].
include carbon/carbon (C/C), carbon/silicon carbide (C/SiC), and silicon carbide/sil-
icon carbide (SiC/SiC). These composites exhibit excellent high temperature strength,
but readily oxidize at high temperatures. In C/SiC composites, matrix cracks form
during the cool-down stage of processing due to a thermal mismatch between the ﬁber
and matrix. These cracks represent pathways for oxygen to enter the composite and
attack the ﬁbers. Some SiC/SiC composites use a pyrolytic carbon ﬁber coating to
allow ﬁber/matrix interface debonding. In this case, the matrix will crack allowing
oxygen to attack the carbon coating [44, page 24]. Fig. 2.6 gives a schematic rep-
resentation of the progression of oxidation of a coated ﬁber through a matrix crack.
Oxidants, such as oxygen and water vapor, diﬀuse through an open matrix
crack, oxidizing the sides of the crack and ﬁber coating (Fig. 2.6a). The oxidation
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product ﬁlls the crack area, reducing its width, as shown in Fig. 2.6b. In some cases
the crack can become sealed by oxidation products before the coating is oxidized,
thus preventing signiﬁcant damage to the ﬁber/coating/matrix interface (Fig. 2.6c).
In other cases, the coating is breached by oxidation prior to the crack sealing and
oxygen diﬀuses through the oxidation product of the ﬁber coating and continues to
oxidize the ﬁber, as shown in Fig. 2.6d [49].
The oxide/oxide ceramic composites were developed speciﬁcally to combat oxi-
dation at elevated temperatures. Two microstructural design philosophies have been
used in developing oxide/oxide CMCs. The ﬁrst method employs a weak ﬁber/matrix
interface concept and requires stable oxide ﬁber coatings to create the weak interface
between the ﬁber and a dense matrix. The second method accepts formation of a
strong interface, and employs a matrix with ﬁne, uniformly distributed porosity to
enable crack deﬂection [Mu27:2077] [49, page 2077]. The ﬁrst method requires oxide
interfacial coatings, such as monazite, which not only provide the weak ﬁber/matrix
interface, but are also oxidation resistant and chemically stable with the composite
constituents. The composites investigated in this eﬀort explore the eﬀects of mon-
azite ﬁber coating on creep performance of a NextelTM610/alumina material system
at 1100 ◦C in air and in steam.
2.6 Previous Work
Morgan and Marshall have ﬁrst demonstrated the usefulness of monazite for pro-
moting crack deﬂection in 1995. Since then, numerous studies considered the eﬀects of
monazite ﬁber coating on performance of CMCs. Chawla et al evaluated performance
of a CMC consisting of an alumina matrix reinforced with monazite-coated Saphikon
(single crystal α-alumina) ﬁbers [6]. and demonstrated that monazite coating was
eﬀective in creating a weak interfacial bond between monazite and alumina. Several
studies explored the use of monazite coated NextelTM610 ﬁber in an aluminosilicate
matrix. Cazzato et al [5] showed that while the monazite ﬁber coating produced
a weak interface, it also caused a decrease in tensile strength and in strain to fail-
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ure. This was attributed to the ﬁber coating technique and ﬁber bridging caused by
clumped tows of coated ﬁbers. Investigations have also been performed on monazite
coated NextelTMﬁber tows, in an eﬀort to determine the eﬀect of various monazite
precursors on ﬁber strength [3].
Most of the recent research has focused on unidirectional composites, although
several studies evaluated the eﬀectiveness of monazite as a weak interface material in
2-D laminated composites. Keller et al [18] investigated the eﬀectiveness of monazite
coatings in NextelTM610/alumina composites after long-term exposure at 1100 ◦C
and 1200 ◦C. Coated ﬁber samples exhibited better tensile strength retention after
1000 h at 1200 ◦C when compared to the control (uncoated ﬁber) material. Ruggles-
Wrenn et al [29] reported that the use of monazite coating in a NextelTM610/alumina
porous-matrix CMC resulted in improved tensile creep resistance at 900 ◦C.
2.7 Thesis Objective
The objective of this thesis is to characterize the tensile creep behavior of six
variants of the NextelTM610/Monazite/Alumina composite at 1100 ◦C in air and in
steam. The diﬀerent variants of the material system include composites with dif-
ferent ﬁber architectures: composite with a 0◦/90◦ unitape lay-up and a composite
reinforced with woven 0◦/90◦ ﬁber layers. The present study also considers composites
manufactured using diﬀerent techniques to apply monazite ﬁber coating. In addition,
composites with (1) alumina matrix, (2) alumina matrix inﬁltrated with monazite
(LaPO4) precursor, and (3) alumina matrix inﬁltrated with AlOCl precursor are in-
vestigated. Because creep was shown to be considerably more damaging than cyclic
loading to porous-matrix oxide-oxide CMCs [16, 28], creep-rupture testing is ideally
suited to evaluate the environmental durability of these materials.
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III. Material and Test Specimen
Six oxide-oxide composites were investigated in this study. All composites con-
sisted of a porous alumina (Al2O3) matrix reinforced with Nextel
TM610 ﬁbers. Com-
posites 1, 2, and 3 consisted of ten unidirectional plies in a symmetric cross-ply
(0◦/90◦/0◦/90◦/0◦)s orientation. Composites 4, 5, and 6 were consisted of eight 0◦/90◦
layers woven in an 8 harness satin weave (8HSW). In the case of composites 2, 3, 4,
and 6, monazite (LaPO4) ﬁber coating was applied to the ﬁbers. Composites 1 and
5 contained no ﬁber coating. In the case of composites 1 and 2, alumina matrix was
inﬁltrated with a monazite (LaPO4) precursor. Alumina matrix of composite 6 was
inﬁltrated with a AlOCl precursor.
This chapter will discuss ﬁber, matrix and interphase materials used in all six
composites, describe composite processing,and conclude with the details of geometry
and preparation of test specimens.
3.1 NextelTM610 (N610) Fiber
The six composites investigated in this study employed the N610 ceramic ﬁbers
as reinforcement. The N610 ﬁber was developed by the 3M Corporation in the 1990’s
for load-bearing applications. While most commercially available ﬁbers contain sil-
ica or other non-crystalline phases, NextelTM610 is > 99% poly-crystalline α-alumina
(Al2O3) and contains no glassy phases. Because Nextel
TM610 ﬁber does not contain
amorphous phases, which can become viscous at elevated temperatures, it exhibits
fairly good creep resistance as well as high retained strength at elevated temperatures
[38]. The average grain size in the NextelTM610 ﬁber is about 0.1 μm. While it has
the highest strength among the other NextelTMﬁbers at room temperature, due to
being single-phased the strength of the ﬁber decreases rapidly at elevated tempera-
tures. This is attributed to the grain growth mechanism. This fully crystalline ﬁber
consisting of nearly pure α - Al2O3 is chemical stable which leads to environmental
stability in corrosive atmospheres. Typical properties of the NextelTM610 ﬁber as
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Table 3.1: Properties of NextelTM610 ﬁbers




Average Grain Size (μm) 0.1
Filament Diameter (μm) 10-12
Density (g/cm3) 3.88
Tensile Elastic Modulus (GPa) 373
Tensile Strength (MPa) 3100
reported by the manufacturer are given in Table 3.1 and Fig. 3.1, from Johnson et al
[49], shows a uniform, high density microstructure of the NextelTM610 ﬁber.
3.2 Alumina (Al2O3) Matrix
Alumina was the matrix material in all six composites investigated in this study.
Alumina has only one stable form, α-alumina. Alumina is an oxide of aluminum, and
is therefore oxidation resistant. The tensile strength of crystalline alumina is ∼300
MPa, tensile modulus is ∼380 GPa, and its coeﬃcient of thermal expansion is 8.8
× 10−6 /◦C [22]. (At temperatures below 200 ◦C and above 800 ◦C, alumina has a
friction coeﬃcient of 0.40 [38, page 115]. Low friction coeﬃcient of the matrix reduces
friction between matrix and ﬁbers promoting ﬁber pull-out and graceful failure.) The
sintering temperature for alumina is 1400 ◦C, but shrinkage can occur at temperatures
near 1100 ◦C [38, page 112]. The six composites studied in this eﬀort were processed
at 1200 ◦C. As a result matrix shrinkage and microcracking occur during processing
that are typical for oxide-oxide CMCs which require high processing temperatures.
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Figure 3.1: Fine-grained NextelTM610 ﬁber [49].
3.3 Monazite Coating
Monazite (LaPO4) ﬁber coating was used in four of the six composites in-
vestigated in this study. In order to retain the oxidation resistance inherent in an
oxide/oxide composite, oxide ﬁber coatings must be used. Among many oxidation-
resistant ﬁber coatings investigated over the past 20 years, monazite (LaPO4) is the
most promising. In early eﬀorts, monazite ﬁber coatings degraded strength of the
NextelTM610 ﬁbers. However, recently the coating composition was found that did not
cause degradation of strength of the ﬁbers after sintering [4,8]. Monazite is refractory,
thermochemically stable with refractory oxides like alumina [33, 34], bonds weakly
to other oxides [17], and was demonstrated to be machineable [9]. Furthermore,
because monazite is an oxide, it is stable in air and water-containing environments.
Monazite has a melting point is over 2000 ◦C, a thermal expansion coeﬃcient of 9.6
× 10−6/ ◦C,which is very similar that of Al2O3, and a density of 5.13 g/cc. Monazite
can be applied as coating to ﬁbers or formed in-situ between ﬁber and matrix during
processing.
For composites 1, 2, and 3, the NextelTM610 ﬁbers were coated with monazite
using a sol-gel dip coating technique. This method employs low processing temper-
atures, which reduces fabrication cost as well the potential for coating degradation
and interaction of the ﬁber and coating during processing [6]. For composites 4 and
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Figure 3.2: Schematic of slurry inﬁltration process [21].
6, the NextelTM610 ﬁber woven (8HSW) layers were coated with monazite using the
precipitation technique developed at the Materials and Manufacturing Directorate of
the Air Force Research Lab, AFRL/RXLN located on Wright-Patterson Air Force
Base, Ohio [12, 13].
3.4 Processing of Composites 1, 2, and 3 with Unidirectional Layers
Composites 1, 2, and 3 consisted of unidirectional layers in 0◦/90◦ cross-ply lay-
up. For composites 2 and 3, the NextelTM610 ﬁber to be coated was ﬁrst desized at
1100 ◦C, then coated with LaPO4 using a sol-gel technique with a 20 g/l sol at 1100
◦C. Coating speed was approximately 0.05 m/s. The coated ﬁber was spooled onto a
take-up wheel. No sizing was applied over the coating.
Two matrix slurries were prepared. The slurry prepared for the uncoated ﬁber
composite 1 consisted of 15 vol.% alumina powder (AKP-53, Sumitomo Corp.) and
85 vol.% alumina sol (aluminum nitrate + deoionized water + citric acid + ethylene
glycol). The slurry for the coated ﬁber composites 2 and 3 consisted of 12.5 vol.%
alumina powder and 87.5 vol.% sol. The ﬁbers prepared for composites 1, 2, and 3
were drawn through their respective slurries and wound onto a drum, forming a tape.
The slurry inﬁltration process is schematically depicted in Fig. 3.2.
The wound tape was cut and stacked in (0◦/90◦/0◦/90◦/0◦)s orientation (an
10-layer symmetric cross-ply orientation), schematically shown in Fig. 3.3. The com-
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Figure 3.3: Schematic Representation of (0◦/90◦/0◦/90◦/0◦)s Ply Lay-up.
posite stack was sealed in a vacuum bag and placed in an autoclave. The sample was
evacuated, then heated to approximately 85 ◦C and held at this temperature for 1 h
under 100 psig. The sample was removed from an autoclave after it had cooled and
allowed to air-dry overnight. Finally,the sample was heat treated at 1200 ◦C in a box
furnace for 5 h in air.
3.5 Processing of Composites 4, 5, and 6 with Woven 0◦/90◦ Layers
Composites 4, 5, and 6 consisted of woven (8HSW) 0◦/ 90◦ layers. For compos-
ites 4 and 6, the woven ﬁber layers were coated with monazite using the precipitation
technique developed at AFRL/RXLN. The detailed description of this technique is
given in [12]. A brief description of this process is given below.
The process for coating woven ceramic ﬁbers with monazite, schematically
shown in Fig. 3.4, includes several steps. First the woven ﬁber cloth is placed in
a vessel ﬁlled with two chilled precursor solutions: (1) lanthanum citrate and (2)
phosphoric acid. These precursor solutions react very slowly at low temperature. To
saturate the cloth with the chilled precursor solutions, the vessel containing the mixed
solutions and cloth is placed in an ultrasonic bath for 15 s. Then the cloth saturated
with mixed precursor solutions is submerged in a vessel containing warm de-ionized
water at 90 ◦C. This step increases the reaction rate between lanthanum citrate and
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Figure 3.4: Schematic of the set up of process for coating woven ceramic ﬁbers with
monazite using heterogeneous precipitation from solution precursors. From [12]
.
phosphoric acid. As a result hydrated LaPO4 (i.e. LaPO4 xH2O) is rapidly precip-
itated onto the ﬁber surfaces. The ﬁber cloth is removed after 5 min. in the warm
water bath and rinsed in de-ionized water to remove any remaining dissolved chemi-
cals. Next,the cloth is dried for 15 min. at 100 ◦C in air and then placed in a tube
furnace at 600 ◦C for 5 min. in air. When this process is repeated multiple times
(5 times), a thicker coating is produced with excellent coverage of ﬁbers in tightly
packed regions, such as tow crossovers in the woven fabric.
3.6 Composite Specifications
Six diﬀerent composites were studied. Composites 1, 2, and 3 consisted of ten
unidirectional plies in a symmetric cross-ply (0◦/90◦/0◦/90◦/0◦)s orientation. Com-
posites 4, 5, and 6 were consisted of eight 0◦/90◦ layers woven in an 8 harness satin
weave (8HSW). Composites 2, 3, 4, and 6 contained monazite (LaPO4) ﬁber coat-
ing. There was no ﬁber coating in Composites 1 and 5. Composites 1 and 2 had
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Table 3.2: Composite speciﬁcations.








C1 [(0◦/90◦)2]s 41.4 3.31
Nextel610/
LaPO4/Al2O3-LaPO4
C2 [(0◦/90◦)2]s 31.5 2.71
Nextel610/LaPO4/
Al2O3
C3 [(0◦/90◦)2]s 39 3
Nextel610/LaPO4/
Al2O3
C4 8HSW 33.3 3.18
Nextel610/Al2O3 C5 8HSW 38.8 3.22
Nextel610/LaPO4/
Al2O3-AlOCl
C6 8HSW 35.5 3.26
alumina matrix inﬁltrated with a monazite (LaPO4) precursor. Composite 6 had alu-
mina matrix inﬁltrated with a AlOCl precursor. Composites 3, 4, and 5 had alumina
matrix.
Composite speciﬁcations are given in Table 3.2. Tensile specimens were cut
from all composite panels. Note that in this document, composites will be referred to
as C1, C2, C3, C4, C5, and C6. Specimen numbers used in this report also contain
reference to the composite number. For example, specimen number C4-1 refers to
specimen 1 for composite C4.
3.7 Specimen Geometry
Test specimens were cut from the composite panels using an abrasive water-jet
machine to speciﬁcations in Fig. 3.5. Waterjet machining uses a computer-controlled
nozzle that sprays water mixed with garnet particles at high pressures to precision-cut
various materials. To reduce fraying at the top edges of the specimens - except some
panels which had plastic sheets glued on them - a thin aluminum sheet was placed over
the panels during cutting. After machining, the specimens were cleaned to remove
any debris from the waterjet process. Specimens were placed in an ultrasonic bath
for 15 min., then soaked in alcohol for 20 min. and lastly dried in an oven for 1 h
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Figure 3.5: Test specimen geometry
Figure 3.6: Tabbed test specimen
at 250 ◦C. Fiberglass tabs were attached to the grip sections of the specimens with
M-Bond 200 adhesive. The tabs protected the surface of the specimen from the rough,
surfalloy grips. Specimen with tabs is shown in Fig. 3.6.
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IV. Experimental Arrangements and Test Procedures
This chapter will introduce the mechanical testing equipment and will discuss the
testing and microstructural analyzing procedures.
4.1 Mechanical Testing Equipment
Mechanical testing was conducted on a MTS Systems Corporation model 810
Material Test System servo-hydraulic machine with the load capacity of 25 kN (5.5
kip). MTS Series 647 hydraulic wedge grips with a Surfalloy surfaces were used to grip
the test specimen. A grip pressure in the 4-8 MPa range was used in all tests. Speciﬁc
value of the grip pressure was selected based on the maximum load level expected in a
particular test. The grips were water cooled with a Neslab model HX-75 chiller (shown
in Fig. 4.2), which ensured that 15 ◦C cooling water was circulated through the grips
during all tests. An MTS Test Star II controller was used for data acquisition and
test control. MTS System Software and Multipurpose Testware (MPT) were used to
program and execute the various tests. Fig. 4.1 shows the overall mechanical testing
station set-up
An MTS Force Transducer (Model 661.19E-04), with a 25 kN maximum capac-
ity, was used for force measurement. Strain measurement was accomplished with a
uniaxial, air-cooled, high-temperature, low contact force MTS Extensometer (Model
632.53E-14) with the 12.5 mm gage length. In all elevated temperature tests,the ex-
tensometer was equipped with 6-inch alumina contact rods and protected by a heat
shield to maintain the unit temperatures within the manufacturers recommended
range. Displacement measurement was accomplished with an LVDT internal to the
MTS servo-hydraulic machine. Fig. 4.3 shows a close-up view of the MTS machine
and the extensometer set-up.
4.2 Environmental Testing Equipment
To maintain the elevated temperature and environment needed for testing, the
mechanical testing station was equipped with a resistance-heated furnace, temper-
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Figure 4.1: Mechanical testing station.
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Figure 4.2: NESLAB model HX-75 chiller.
Figure 4.3: Close-up view of the MTS machine and the extensometer.
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ature controllers and a steam generator. A compact, two-zone AMTECO Hot-Rail
Furnace System controlled by a MTS Model 409.83B temperature controller (shown
in Fig. 4.4) was used in all tests. Each half of the furnace was ﬁtted with a non-
contacting R-type thermocouple, which provided temperature reading to the con-
troller.
Temperature was controlled in the following manner. Temperature set-point
information was transmitted from the TestStar II to the temperature controller which
applied a PID control algorithm to the furnace elements with a feedback loop from the
control thermocouples. The temperature controller also transmitted the temperature
measurements back to the TestStar II for temperature data recording if desired. It
should be noted that this temperature was not the temperature of the specimen, but
rather the ambient temperature near the specimen in the furnace.
An AMTECO HRFS-STMGEN Steam Generation System was employed to
provide continuous steam environment for testing in steam. Deionized water was
supplied from a one gallon water reservoir connected to the pump of the Steam Gen-
eration System. An alumina susceptor (a tube with end caps), which ﬁts inside the
furnace was used for testing in steam. The ends of the specimen pass through slots
in the susceptor and the specimen gage section is located inside the susceptor. Steam
is introduced into the susceptor through a ceramic feeding tube, ﬁtted through an
opening in the back wall of the susceptor. Steam was supplied in a continuous stream
with a slightly positive pressure, expelling the dry air and creating a 100% steam
environment inside the susceptor. The front wall of the susceptor had two elongated
openings for the extensometer rods. The susceptor was not used in tests conducted
in air environment. Fig. 4.5 shows the susceptor assembled around a specimen in the
MTS machine with one of the furnace halves removed.
4.3 Microstructural Characterization
The A Zeiss Discovery V12 optical microscope with was used to examine the
fracture surface of each specimen at magniﬁcations of up to 100X. The optical micro-
25
Figure 4.4: MTS Model 409.83B temperature controller.
26
Figure 4.5: Susceptor assembly arrangement.
scope was equipped with a Zeiss AxioCam HRc digital camera and Axiovision version
4.4 software. This system allowed digital images to be recorded and later used to
compare the fracture surfaces of diﬀerent specimens. The optical microscope system
is shown in Fig. 4.6.
An FEI Quanta 200 HV Scanning Electron Microscope (SEM) was used for
microstructural characterization of the fracture surfaces at magniﬁcations of up to
20,000X. Unlike the optical microscope the scanning electron microscope does not
use reﬂected light to characterize the specimen. Instead, the SEM bombards the
specimen with an electron beam and uses special detectors to capture secondary or
back-scatter electrons emitted back from the specimen. An SEM can be used on bulk
size specimens. The only limitation is the size of the specimen chamber and stage.
An SEM is an excellent tool for examining the topography of the fracture surfaces.
Fig. 4.7 shows the SEM system.
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Figure 4.6: Zeiss Discovery V12 optical microscope.
Figure 4.7: FEI Scanning Electron Microscope (SEM).
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4.4 Test Procedures
4.4.1 Testing Equipment - Calibration. Before testing, various components
of the mechanical testing equipment had to be calibrated. The load cell and exten-
someter were calibrated by MTS and AFIT technicians. Likewise,grip alignment was
veriﬁed and/or adjusted by AFIT technicians. The MTS controller was tuned in dis-
placement (stroke) and force control modes. To tune the controller in displacement
control, no specimen had to be installed in the machine. A cyclic command with a
square waveform was employed. The gains of the controller were adjusted to achieve
a close agreement between command and feedback signals. To tune the force control,
a CMC specimen was loaded into the machine.
The furnace temperature controllers were calibrated to maintain the desired
test temperature of the specimen. One specimen was ﬁtted with two R-type ther-
mocouples. The specimen was mounted into the MTS machine as it would be in a
typical experiment. The furnace temperature was slowly raised until the specimen
temperature reached the desired test temperature (1100 ◦C). This temperature was
held for 8 h to demonstrate that the temperature controllers could maintain stable
temperatures within ± 5 ◦C of the nominal temperature. For the tests conducted in
steam, temperature calibration was repeated using the susceptor and the test set-up
designed for testing in steam.
4.4.2 Mechanical Testing - Preparation. Before testing, the servo-hydraulic
machine was warmed up to ensure that the hydraulic ﬂuid was at operating tempera-
ture and that the gains for the controller determined in tuning would be accurate. To
warm up the testing machine,the MTS function generator was programmed to cycle
the actuator in displacement control mode for at least 15 min. A saw tooth waveform
with an amplitude of ± 0.1 inch was used.
While the hydraulics were warming up, the specimen test section width and
thickness were measured with a Mitutoyo Corporation Digital Micrometer (model
NTD12-6 C). Based on these measurements the cross-sectional area of the specimen
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Figure 4.8: A typical test set-up.
gage section was calculated, which was then used to determine the required loads for
the MPT procedure using the following equation:
Load = Stress× Area (4.1)
Next,the specimen was placed in the grips. The top grip was closed while in
displacement control and the load cell was auto-zeroed. Control was switched to force
mode and the bottom grip was closed. For testing in steam, the susceptor was closed
around the specimen and the oven was pulled forward into position making sure that
the steam feeding tube was inserted into the opening in the back of the susceptor. The
extensometer was mounted on the specimen. Then the oven was closed around the
specimen and clearances for the extensometer rods were checked. The water chiller
was turned on and the cooling water temperature set to 15 ◦C. The water lines for
each grip were opened fully and the air cooling line for the extensometer was opened
to 30 psi. A typical test set-up is shown in Fig. 4.8.
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Figure 4.9: A typical test setup.
Next,the MPT software was used to program the test procedure. A sample
creep-rupture test procedure can be seen in Fig. 4.9. Lastly, the test procedure was
started and heating of the specimen began. If steam was used, the steam generator
was turned on right after the start of the test. In all tests, the furnace temperature
was ramped to 900 ◦C in 15 min. Then, the furnace temperature was ramped more
slowly (10-15 min) to the desired set point for the test. Lastly, the specimen was
allowed to thermally stabilize for 20 min. prior to applying the mechanical loading.
4.4.3 Monotonic Tensile Test. All monotonic tensile tests to failure were
conducted at 1100 ◦C in laboratory air. These tests were conducted in displacement
control at a constant rate of 0.05 mm/s. Load, strain, displacement,and time were
measured and recorded every 0.05 s for the duration of the test, which was approxi-
mately 10 s.
4.4.4 Creep-Rupture Test. Creep-rupture tests were conducted in load con-
trol in accordance with the procedure in ASTM standard C 1337 at 1100 ◦C in lab-
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oratory air and in steam environments. In all creep tests,the specimens were loaded
to the creep stress level at the stress rate of 15 MPa/s. Creep run-out was deﬁned as
100 h at a given creep stress. Load, strain, displacement and time were measured and
recorded. In each test, data were recorded during both loading to the creep stress
level and the actual creep period. Thus,both total strain and creep strain could be
calculated and examined. Specimens that achieved run-out in creep tests were sub-
jected to tensile tests to failure at 1100 ◦C in order to evaluate the retained tensile
strength and modulus. The tensile tests were conducted in displacement control in a
manner described above.
4.4.5 Microstructural Characterization. Post-test microstructure was ﬁrst
examined with the optical microscope. Digital pictures of each half of the failed spec-
imens were taken for documentation. After observations by the optical microscope,
the specimens were prepared for examination with the SEM. One half of the failed
specimen was chosen and the fracture surface was cut oﬀ with a Sherline Model 5410
diamond saw. The cut was made ∼2 mm behind the damage zone of the specimen.
The fracture surface was then mounted onto a 12.4 mm SEM specimen stage with
carbon paint.
Non-conductive materials like the alumina found in the six composites used in
this study tend to build up a charge when bombarded by the electron beam of the
SEM. This leads to distortion of the image and, if severe enough, can lead to damage
of the specimen. To address this problem, SEM specimens were coated with a thin
layer of a conductive material. Carbon coating was used in this research. An SPI
Supplies SPI-Module Control and Carbon Coater, shown in Fig. 4.10, were used to
coat the specimens.
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Figure 4.10: SPI-Module Controller and Carbon Coater.
33
V. Results and Discussion
This chapter will report the experimental results obtained during the course of this
research. The section will begin with a discussion of thermal properties of the six
oxide/oxide composite material systems. Results of the monotonic tensile tests,creep
rupture tests and tensile tests conducted for retained properties will be presented .
Finally Microstructure of the composites will be discussed.
The tests carried out during this study are summarized in Table 5.1, where
composite, specimen number, test type and test environment are given together with
the maximum stress level for each test.
5.1 Thermal Expansion
In each test, the strain data were collected as the specimen was heated to test
temperature of 1100 ◦C. Then the coeﬃcient of linear thermal expansion was calcu-
lated for each specimen with a curve ﬁt to the linear portion of the strain-temperature
curve, for temperatures ≥ 400 ◦C, as shown in [2]. The linear portion of the εth−T
curve was assumed to behave according to the linear relationship
εth = α×ΔT (5.1)
where εth is the thermal strain, α is the coeﬃcient of linear thermal expansion, and
ΔT is the temperature change from room temperature, taken as 23 ◦C. Similar values
of thermal expansion coeﬃcients were obtained in tests conducted in air and in steam.
Coeﬃcients of linear thermal expansion obtained in this eﬀort are included in Table
5.1.
5.2 Monotonic Tensile Tests
Monotonic tensile tests to failure were conducted on specimens from each com-
posite. All tensile tests were conducted at 1100 ◦C in laboratory air in displacement
control at a constant rate of 0.05 mm/s. Results of the tensile tests are summarized in
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Table 5.1: Test matrix.
Composite Specimen
Number









C1-1 Air Tension to failure 38.0 7.97
C1-5 Air Creep-rupture 32.0 8.84




C2-1 Air Tension to failure 36.7 7.41
C2-3 Air Tension to failure 35.9 7.33
C2-5 Air Tension to failure 30.1 8.80
C2-4 Air Creep-rupture 25 8.97
C2-2 Steam Creep-rupture 25 9.18
N610/LaPO4/Al2O3
(0/90 unitape lay-up)
C3-3 Air Tension to failure 213 7.74
C3-1 Air Creep-rupture 85.0 7.07
C3-4 Air Creep-rupture 120 7.13
C3-6 Steam Creep-rupture 85.0 9.14
C3-5 Steam Creep-rupture 110 8.65
C3-2 Steam Creep-rupture 120 9.53
N610/LaPO4/Al2O3
(8HSW)
C4-1 Air Tension to failure 67.6 7.39
C4-5 Air Tension to failure 84.9 7.01
C4-6∗ Air Tension to failure 91.2 7.34
C4-2 Air Creep-rupture 32.0 7.01
C4-7 Air Creep-rupture 64.0 7.58
C4-11 Air Creep-rupture 72.0 6.91
C4-3 Steam Creep-rupture 32 7.58
C4-4 Steam Creep-rupture 48 7.80
C4-8 Steam Creep-rupture 64 7.58
C4-10 Steam Creep-rupture 72 8.52
N610/Al2O3 (8HSW)
C5-3 Air Tension to failure 79.2 6.84
C5-4 Air Tension to failure 77.2 7.79
C5-11 Air Creep-rupture 40.5 7.90
C5-9 Air Creep-rupture 61.0 7.79
C5-7 Steam Creep-rupture 20.0 7.98
C5-8 Steam Creep-rupture 30.0 7.71
C5-6 Steam Creep-rupture 40.5 7.99
C5-5 Steam Creep-rupture 61.0 8.04
N610/LaPO4/Al2O3-
AlOCl (8HSW)
C6-4 Air Tension to failure 74.9 7.14
C6-1 Air Creep-rupture 32.0 8.55
C6-3 Steam Creep-rupture 32.0 9.14
C6-5 Steam Creep-rupture 48.0 8.67
∗ Adjusted for Vf=0.39
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Table 5.2: Summary of tensile properties for the six oxide-oxide composites ob-
tained in displacement-controlled tensile tests conducted at 0.05 mm/s at 1100 ◦C in
laboratory air.










C2-1 108(134a) 36.7(45.4a) 0.03
C2-3 104(129a) 35.9(44.4a) 0.04
C2-5 108(134a) 30.1(37.3a) 0.03
N610/LaPO4/Al2O3
(0/90 unitape lay-up)
C3-3 73.0 213 0.34
N610/LaPO4/Al2O3
(8HSW)
C4-1 81.5(95.5a) 67.6(79.2a) 0.09
C4-5 91.6(107a) 84.9(99.4a) 0.09
C4-6∗ 94.1(110a) 91.2(107a) 0.12
N610/Al2O3 (8HSW)
C5-3 99.2 79.2 0.07
C5-4 97.9 77.2 0.08
N610/LaPO4/Al2O3-
AlOCl (8HSW)
C6-4 80.6(88.5a) 74.9(82.3a) 0.07
∗ Test conducted in stress control with the stress rate of 15 MPa/s.
a Adjusted for Vf=0.39
Table 5.2, where elastic modulus, ultimate tensile strength (UTS) and failure strain
are presented for specimens cut from each composite. To facilitate comparison of
results obtained for diﬀerent composites, all data are adjusted for Vf = 0.39. Speci-
men C4-6 was designated for creep testing and was therefore tested in stress control.
However, specimen C4-6 failed before the desired creep stress level was reached. The
results of the stress-controlled tensile loading of specimen C4-6 to failure are reported
in Table 5.1.
Note that the NTM610/Al2O3-LaPO4 (composite C1) and the N610/ LaPO4/Al2O3-
LaPO4 (composite C2) produced lower UTS values than composites C3, C4, C5, and
C6. This is attributed to a considerable curvature noticed in panels of composites C1
and C2. Any such curvature (warp) in a tensile specimen is translated into bending
stress when gripped. Thus,instead of a uniaxial tension, the specimen would be sub-
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Figure 5.1: Tensile stress-strain curve for NTM610/Al2O3-LaPO4 composite with
0/90 unitape lay-up obtained at 1100 ◦C in laboratory air.
ject to combined tension and bending. Note that specimens of composites C1 and C2
also failed in the “shoulder” region, and not in the gage “shoulder” region, and not
in the gage section. The curvature in specimens of composites C1 and C2 is likely
the cause of early failures and low UTS values, as well as of failures outside the gauge
section. In view of these considerations, the strength values obtained for composites
C1 and C2 are not reliable.
Tensile stress-strain curves obtained for composites C1 and C2 at 1100 ◦C are
shown in Fig.s 5.1 and 5.2, respectively.
To facilitate comparison between tensile stress-strain behaviors and tensile prop-
erties obtained for diﬀerent composites, tensile stress-strain curves obtained for com-
posites C3 and C4 are plotted together in Fig. 5.3. Likewise,tensile stress-strain
curves obtained for composites C4 and C5 and those obtained for composites C4 and
C6 are presented together in Fig.s 5.4 and 5.5, respectively. As seen in Figs. 5.3-5.5,
the stress-strain curves produced by composites C3-C6 are nearly linear to failure.
Yet results in Table 5.2 and in Fig.s 5.1-5.5 show that composite C3 exhibits consid-
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Figure 5.2: Tensile stress-strain curves for NTM610/ LaPO4/Al2O3-LaPO4 compos-
ite with 0/90 unitape lay-up obtained at 1100 ◦C in laboratory air.
erably higher UTS than composites C4, C5 and C6. Conversely, elastic modulus of
composite C3 is lower than that of composites C4-C6.
Consider tensile properties produced by composites C3 and C4 that have the
same constituents, but diﬀerent ﬁber architecture. The tensile strength of composite
C3 is ∼2 times that of composite C4. However, it is unlikely that a woven composite
would exhibit such signiﬁcantly lower UTS values than the composite consisting of
unidirectional layers in 0◦/90◦ cross-ply lay-up. In fact, the opposite trend would be
expected. Recall that in addition to having diﬀerent ﬁber architectures, composites 3
and 4 had diﬀerent processing condition. Therefore diﬀerent methods used to coat the
individual ﬁbers in composite C3 and the woven ﬁber fabric in composite C4 are likely
behind the much reduced tensile strength of the woven composite C4. Fair et al [13]
reported that the loss of tensile strength of the woven cloth of NextelTM610 ﬁbers due
to coating with monazite by means of precipitation coating method was limited to
30%. Results of the present study reveal a much greater loss of tensile strength that
may be attributable to the coating method. Because only a very limited number of
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Figure 5.3: Tensile stress-strain curves for NTM610/LaPO4/Al2O3 composite (Com-
posite 3) with 0/90 unitape lay-up and for N610/LaPO4/Al2O3 woven composite
(Composite 4) obtained at 1100 ◦C in laboratory air. All data are adjusted for Vf =
0.39.
specimens were available for testing, a larger number of specimens representing each
of the composites C3 and C4 needs to be tested before a deﬁnitive conclusion can
be reached regarding eﬀects of coating method on tensile strength of the monazite-
containing composite.
To assess the eﬀect of monazite ﬁber coating on tensile properties of the woven
composite, we compare results obtained for the monazite-containing composite C4
and the uncoated-ﬁber composite C5. Results in Table 5.2 and in Fig. 5.4 demon-
strate that the addition of the monazite ﬁber coating results in 22% improvement in
tensile strength and in 6% improvement in elastic modulus. To assess the eﬀect of
inﬁltration of the alumina matrix with AlOCl precursor on tensile properties of the
woven composite, we compare results obtained for the composites C4 and C6. Results
in Table 5.2 and in Fig. 5.5 show that the inﬁltration of the alumina matrix with
AlOCl precursor result in near 15% decrease in elastic modulus and near 14% loss of
tensile strength.
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Figure 5.4: Tensile stress-strain curves for NTM610/LaPO4/Al2O3 woven composite
(Composite 4) and for NTM610/Al2O3 woven composite (Composite 5) obtained at
1100 ◦C in laboratory air. All data are adjusted for Vf = 0.39.
Figure 5.5: Tensile stress-strain curves for NTM610/LaPO4/Al2O3 woven composite
(Composite 4) and for NTM610/LaPO4/Al2O3-LaPO4-AlOCl woven composite (Com-
posite 6) obtained at 1100 ◦C in laboratory air. All data are adjusted for Vf = 0.39.
40
Figure 5.6: Creep strain vs time curves for NTM610/Al2O3-LaPO4 composite with
0/90 unitape lay-up obtained at 32 MPa at 1100 ◦C in laboratory air and in steam.
5.3 Creep-Rupture
Creep-rupture tests at various stress levels were conducted at 1100 ◦C in air
and in steam on specimens from each composite. In all tests creep run-out was set
to 100 h. Results of the creep-rupture tests are summarized in Table 5.3, where
test environment, creep stress level, creep strain accumulation and time to rupture
are presented for specimens cut from each composite. As the untested specimens of
composites C1 and C2 were noticeably warped, only tests at creep stress levels of 32
and 25 MPa could be performed for composites C1 and C2, respectively. Attempts
to perform creep tests at higher stress levels were unsuccessful. The test specimens
failed before reaching the creep stress level. Failures of C1 and C2 specimens at
fairly low stress levels are attributed to the curvature observed in the composite
panels and, consequently, in the untested specimens. While results obtained for these
two composites are presented in Table 5.3 and in Fig.s 5.6 and 5.7, they cannot be
considered reliable or conclusive.
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Table 5.3: Summary of creep-rupture results for the
six oxide-oxide composites at 1100 ◦C.








C1-5 Air 32 0.02 0.028




C2-4 Air 25 0.01 0.01
C2-2 Steam 25 1.78 40.1
N610/LaPO4/Al2O3
(0/90 unitape lay-up)
C3-1 Air 85 3.07 16.2
C3-4 Air 120 1.08 0.74
C3-6 Steam 85 3.58 8.18
C3-5 Steam 110 0.90 0.35
C3-2 Steam 120 0.91 0.03
N610/LaPO4/Al2O3
(8HSW)
C4-2 Air 32(37.5a) 0.04 >100
C4-7 Air 64(74.9a) 0.17 >100
C4-11 Air 72(84.3a) 0.72 >100
C4-3 Steam 32(37.5a) 2.30 51.9
C4-4 Steam 48(56.2a) 1.92 7.58
C4-8 Steam 64(74.9a) 1.44 2.38
C4-10 Steam 72(84.3a) 2.35 2.24
N610/Al2O3 (8HSW)
C5-11b Air 40.5 0.02 3.34
C5-9 Air 61 0.06 3.42
C5-7 Steam 20 0.08 3.53
C5-8 Steam 30 0.06 16.1
C5-6 Steam 40.5 0.02 0.01
N610/LaPO4/Al2O3-
AlOCl (8HSW)
C6-1 Air 32(35.2a) 0.49 >100
C6-3 Steam 32(35.2a) 2.85 3.47
C6-5 Steam 48(52.7a) 2.68 2.06
a Adjusted for Vf=0.39
b Test interrupted due to equipment failure.
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Figure 5.7: Creep strain vs time curve for NTM610/ LaPO4/Al2O3-LaPO4 compos-
ite with 0/90 unitape lay-up obtained at 25 MPa at 1100 ◦C in steam.
Creep strain vs time curves for composite C3 obtained in air and in steam are
shown in Fig. 5.8.
Primary and secondary creep regimes, but no tertiary creep regime, are observed
in all tests. Creep test conducted at 110 MPa in steam represents an exception. In
this test tertiary creep (albeit minimal) was observed. Note that creep run-out was
not achieved in any of the tests. In both air and steam creep strain accumulation
decreased as the applied stress increased. Creep strains produced at 85 MPa are an
order of magnitude higher than the failure strain obtained in the tension test. Creep
strains produced at the two higher stress levels were approximately three times the
failure strain obtained in tension tests. Fig. 5.8 shows that test environment has little
eﬀect on the appearance of the creep curves obtained for the C3 composite. For a
given creep stress, creep curves and creep strains obtained in air are comparable to
those produced in steam.
Creep vs time curves obtained for composite C4 in air and in steam are presented
in Fig. 5.9. Results in Table 5.3 and Fig. 5.9 show that creep run-out is achieved in
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Figure 5.8: Creep strain vs time curves for NTM610/ LaPO4/Al2O3 composite (C3)
with 0/90 unitape lay-up obtained at 1100 ◦C in laboratory air and in steam:(a) time
scale is adjusted to clearly show the creep curves obtained at 85 MPa (b) time scale
is adjusted to clearly show the creep curves obtained at 110 and 120 MPa in steam.
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Figure 5.9: Creep strain vs time curves for NTM610/ LaPO4/Al2O3 woven composite
(C4) obtained at 1100 ◦C in laboratory air and in steam: (a) time scale is adjusted
to clearly show all creep curves obtained in air (b) time scale is adjusted to clearly
show the creep curves obtained at 48, 64 and 72 MPa in steam.
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Figure 5.10: Creep strain vs time curves for NTM610/Al2O3 woven composite (C5)
obtained at 1100 ◦C in laboratory air and in steam.
all tests conducted in air. While creep strain accumulation increased with increasing
applied stress, all creep strains accumulated in air were ≤ 0.72%. It is seen that creep
strains produced at 64 and 72 MPa in air exceed the failure strain obtained in the
tension test. Conversely, creep strain accumulated at 32 MPa is less than half the
failure strain obtained in the tension test. The presence of steam has little eﬀect on
the appearance of the creep curves for the C4 composites. However, creep strains
produced in steam are considerably higher (in some cases an order of magnitude
higher) than those obtained in air for a given creep stress. Note that in steam creep-
run-out was not achieved. The longest creep lifetime in steam was 51.9 h.
Creep curves obtained for C5 composite are shown in Fig. 5.10. Note that all
specimens tested in air produced short lifetimes. Yet the creep curves produced in
these tests suggest low creep rates consistent with longer lifetimes. Note that creep
test conducted at 61 MPa in air was interrupted due to equipment malfunction. The
specimen failed during the equipment shutdown. It is possible that a considerably
longer lifetime could be achieved at 61 MPa in air. Likewise the test conducted at 40.5
MPa in air appears to have failed prematurely. The creep curve produced at 40.5 MPa
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Figure 5.11: Creep strain vs time curves for NTM610/ LaPO4/Al2O3 woven compos-
ite (C4) and NTM610/Al2O3 woven composite (C5) obtained at selected stress levels
1100 ◦C in laboratory air and in steam. Creep stress levels adjusted for Vf = 0.39.
in air is indicative of low strain rate and shows minimal creep strain accumulation.
Note that specimen tested at 40.5 in air showed some limited delamination as well as
curvature prior to testing. It is possible that creep run-out could be achieved at 40.5
MPa in air provided the specimen without defects could be tested. Unfortunately
only a very limited number of specimens of composite C5 were available and several
of them exhibited curvature before testing. It is believed that the specimen curvature
is also the cause of a short lifetime produced at 20 MPa in steam. It is likely that
a specimen without the initial curvature would produce a longer lifetime at 20 MPa
in steam. To facilitate comparison between creep performance of composites C4 and
C5, selected creep curves produced by both composites are shown in together in Fig.
5.11.
Results in Fig. 5.11 suggest that the addition of monazite in composite C4
has beneﬁcial eﬀects on creep performance in both air and steam environments. The
creep curve produced by composite C4 at 74.9 MPa in air lies below the creep curve
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produced by composite C5 at a lower stress of 61 MPa in air, indicating lower creep
strain accumulation in a given time. Likewise, the creep curve produced by composite
C4 at 37.5 MPa in steam lies below the creep curve produced by composite C5 at a
lower stress of 30 MPa in steam, a indicating somewhat lower creep rate for composite
C4. The lifetime produced by the monazite-containing composite C4 at 37.5 MPa in
steam is at least 3 times that produced by the uncoated ﬁber composite C5 at a lower
stress of 30 MPa in steam.
Creep vs time curves obtained for composite C6 are shown in Fig. 5.12. It is seen
that primary and secondary creep regimes are observed in all tests. Tertiary creep was
not observed. In air, creep run-out was achieved at 32 MPa. Creep strain accumulated
during 100 h at 32 MPa in air was 0.49%. Test environment had negligible eﬀect on
the form of creep curves produced by composite C6. Creep curves obtained in steam
are qualitatively similar to those obtained in air. However, the presence of steam
had a dramatic eﬀect on creep strains. Creep strains accumulated at 32 and 48 MPa
in steam approached an appreciable 3%. Moreover, in steam creep run-out was not
achieved. Even at the low stress of 32 MPa composite C6 survived only 3.47 h in
steam. This represents a near 97% reduction in creep lifetime due to steam.
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Figure 5.12: Creep strain vs time curves for NTM610/LaPO4/Al2O3-AlOCl woven
composite obtained at 1100 ◦C in laboratory air and in steam: (a) time scale is
adjusted to clearly show all creep curves obtained at 32 MPa in air (b) time scale is
adjusted to clearly show the creep curves obtained at 32 and 48 MPa in steam.
To assess the eﬀects of AlOCl inﬁltration of the alumina matrix on creep per-
formance of the composite, results produced by composite C6 are compared to those
produced by composite C4 in Fig. 5.13. It appears that inﬁltration of the alumina
matrix with the AlOCl precursor did not result in improved creep performance. On
the contrary, the creep curve produced by the composite C6 with the inﬁltrated ma-
trix at 32 MPa (35.2 MPa for Vf = 0.39) lies not only above the creep curve produced
by composite C4 with the uninﬁltrated alumina matrix at 32 MPa (37.5 MPa for
Vf = 0.39) in air (which is indistinguishable from the x-axis in Fig. 5.13, but also
above the creep curve produced by composite C4 at that stress level in steam. Creep
curves produced by the C6 composite at 32 MPa (37.5 MPa for Vf = 0.39) and at 48
MPa (52.7 MPa for Vf = 0.39) in steam also fall considerably above the creep curve
produced by composite C4 at 48 MPa (56.2 MPa for Vf = 0.39) in steam.
Minimum creep rate was reached in all tests. Creep rate as a function of applied
stress for composites C1 and C2 is presented in Fig.s 5.14 and 5.15, respectively. It
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Figure 5.13: Creep strain vs time curves for for NTM610/ LaPO4/Al2O3 woven
composite (C4) and for (C6) obtained at 1100 ◦C in laboratory air and in steam.
Creep stress levels adjusted for Vf = 0.39.
is recognized that the results obtained for these two composites are likely biased due
to the initial curvature present in the untested specimens. The results for composites
C1 and C2 are included for completeness.
Minimum creep rate as a function of applied stress for composites C3 and C4
is presented in Fig. 5.16. In air, secondary creep rate for the C3 composite is almost
two order of magnitude higher than that for the C4 composite at same stress level.
Supporting this result, the woven composite C4 achieved a run-out at the adjusted
stress level of 85 MPa (adjusted for Vf = 0.39), the unitape cross-ply composite C3
survived only 16.2 h at 85 MPa. In steam the secondary creep rates of the woven
composite C4 can be slightly higher than those of the unitape cross-ply composite
C3. This can be seen when comparing the creep strain rates produced by composites
C3 and C4 at 85 MPa (adjusted for Vf = 0.39). It is seen that the creep strain rate
of composite C4 is slightly higher than that produced by composite C3. The creep
lifetimes produced by the two composites at 85 MPa (adjusted for Vf = 0.39) follow
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Figure 5.14: Minimum creep rate as a function of applied stress for NTM610/Al2O3-
LaPO4 composite with 0/90 unitape lay-up at 1100
◦C in laboratory air and in steam.
Figure 5.15: Minimum creep rate as a function of applied stress for NTM610/
LaPO4/Al2O3-LaPO4 composite with 0/90 unitape lay-up at 1100
◦C in laboratory
air and in steam.
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Figure 5.16: Minimum creep rate as a function of applied stress for NTM610/
LaPO4/Al2O3 composite C3 with 0/90 unitape lay-up and for N610/ LaPO4/Al2O3
woven composite C4 at 1100 ◦C in laboratory air and in steam. Creep stress levels
adjusted for Vf = 0.39.
a similar trend. While composite C3 survived 8.18 h, composite C4 failed after only
2.24 h at 85 MPa (adjusted for Vf = 0.39) in steam.
Minimum creep rate as a function of applied stress for composites C4 and C5 is
presented in Fig. 5.17. In air, secondary creep rates for the C5 composite are almost
one magnitude higher than those of the C4 composite. For example, at 32 MPa (37.5
MPa when adjusted for Vf = 0.39) the creep rate of the monazite-containing composite
C4 was 4.77 × 10−10 s−1, while the uncoated ﬁber composite C5 produced a creep
rate of 4.68 × 10−9 s−1 at 40.5 MPa. The addition of monazite appears to improve
secondary creep rates in air. In steam, the creep rate produced by the monazite-
containing composite C4 at 32 MPa (37.5 MPa when adjusted for Vf = 0.39) was
almost one magnitude lower than that produced by composite C5 at 40.5 MPa. In
a similar trend, while the composite C4 survived 51.9 h at 32 MPa (37.5 MPa when
adjusted for Vf = 0.39) in steam, the composite C5 with uncoated ﬁber structure
survived only 36 s at 40.5 MPa in steam. Considerably longer creep lifetime exhibited
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Figure 5.17: Minimum creep rate as a function of applied stress for NTM610/
LaPO4/Al2O3 woven composite C4 and for N610/Al2O3 woven composite C5 at 1100
◦C in laboratory air and in steam. Creep stress levels adjusted for levels adjusted for
Vf = 0.39.
by composite C4 suggests that the addition of monazite has beneﬁcial eﬀects on creep
lifetime in steam environment.
Minimum creep rate as a function of applied stress for composites C4 and C6
is presented in Fig. 5.18. In air, secondary creep rate for the composite C6 is almost
one magnitude higher than that of the composite C4 at similar stress level. However,
both specimens achieved run out. In the same manner, in steam secondary creep
rates of the composite C6 with the AlOCl inﬁltrated matrix are approximately an
order or magnitude higher than those of the C4 composite with an uninﬁltrated
alumina matrix. For example the creep rate of the monazite-containing C4 at 32
MPa (37.5 MPa when adjusted for Vf = 0.39) was almost one magnitude lower than
that produced by composite C6 at 32 MPa ( 35.2 MPa when adjusted for Vf = 0.39).
Supporting this result,specimen from composite C4 survived 51.9 h while the specimen
from composite C6 survived 3.47 h, in steam. For the specimen from composite C4
tested at 48 MPa (56.2 MPa when adjusted for Vf = 0.39)in steam, secondary creep
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Figure 5.18: Minimum creep rate as a function of applied stress for NTM610/
LaPO4/Al2O3 woven composite C4 and for N
TM610/LaPO4/Al2O3-AlOCl woven com-
posite C6 at 1100 ◦C in laboratory air and in steam. Creep stress levels adjusted for
Vf = 0.39.
strain rate was almost ﬁve times lower than the specimen from composite C6 tested
at 48 MPa (52.7 MPa when adjusted for Vf = 0.39)in steam. In this case creep
lifetimes are more comparable. Specimen from composite C4 survived 7.58 h while
the specimen from composite C6 survived 2.06 h. It seems that matrix inﬁltration
with AlOCl degraded the creep rate and creep life performance of the material.
Stress-rupture behaviors of composites C3 and C4 are summarized in Fig. 5.19.
It is seen that creep life of both composites decreases with applied stress. The pre-
cipitation method of coating ﬁber fabric in Composite 4 did not appear to have a
detrimental eﬀect on creep lifetimes in air. On the contrary, at 84.3 MPa (adjusted
for Vf = 0.39) the woven composite C4 achieved creep run-out, while the unitape
cross-ply composite C3 failed after 16.2 h at 85 MPa. The presence of steam de-
graded the creep lifetimes of both composites. For the unitape cross-ply composite
C3, reduction in creep lifetime due to steam was ∼50% at the lowest stress of 85 MPa.
At the highest stress level of 120 MPa, the creep lifetime was reduced by at least an
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Figure 5.19: Creep stress vs time to rupture for NTM610/ LaPO4/Al2O3 composite
C3 with 0/90 unitape lay-up and for NTM610/ LaPO4/Al2O3 woven composite C4 at
1100 ◦C in laboratory air and in steam. Creep stress levels adjusted for Vf = 0.39.
order of magnitude in the presence of steam. In the case of the woven composite C4,
the reduction in creep lifetime due to steam was ∼50% at 37.5 MPa (adjusted for Vf
= 0.39) and over 90% at stress level 56.2 MPa (adjusted for Vf = 0.39).
Stress-rupture behaviors of composites C5 and C4 are summarized in Fig. 5.20.
As mentioned earlier in this chapter, specimen of composite C5 tested at 61 MPa
in air failed prematurely due to equipment malfunction. It is possible that a longer
creep lifetime may have been achieved in this test. A short creep lifetime of the C5
specimen tested at 40.5 MPa in air also may be due to some limited delamination as
well as curvature observed in the specimen prior to testing. The short creep lifetime
of the C5 specimen tested at 20 MPa in steam is also likely caused by curvature
present in the specimen prior to testing. A more reliable assessment of the eﬀects of
monazite on creep lifetime can be made by comparing the results produced by the
monazite-containing composite C4 at 37.5 MPa (adjusted for Vf = 0.39) in steam
and those obtained for the uncoated ﬁber composite C5 at 30 MPa in steam. In
this case the addition of monazite signiﬁcantly improves creep lifetime in steam, with
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Figure 5.20: Creep stress vs time to rupture for NTM610/ LaPO4/Al2O3 woven
composite C4 and for NTM610/Al2O3 woven composite C5 at 1100
◦C in laboratory
air and in steam. Creep stress levels adjusted for Vf = 0.39.
creep lifetime of composite C4 being at over 3 times that of composite C5. The
eﬀect of matrix inﬁltration with the AlOCl precursor on creep-rupture behavior of
the NTM610/ LaPO4/Al2O3 material system can be evaluated by examining the creep
stress vs time to rupture curves for composites C4 and C6 presented in Fig. 5.21. In
air both composites achieved creep run-out at the lowest stress levels. In steam, creep
lifetime of each composites decreases with applied stress. However, the reduction in
creep life due to steam appears to be much more pronounced in the case of composite
C6 with the AlOCl-inﬁltrated matrix. For composite C4 the reduction in creep life
due to steam at 37.5 MPa (adjusted for Vf = 0.39) was ∼50%, while for composite
C6 the reduction in creep life due to steam at 35.2 MPa (adjusted for Vf = 0.39) was
∼97%.
Retained strength and modulus of the specimens that achieved run-out are sum-
marized in Table 5.4. Stress-strain curves obtained for composite C4 and composite
C6 specimens subjected to prior creep are shown in Fig.s 5.22 and 5.23, respectively.
Stress-strain curves for the as-processed materials are included for comparison.
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Figure 5.21: Creep stress vs time to rupture for NTM610/ LaPO4/Al2O3 woven
composite C4 and for NTM610/LaPO4/Al2O3-AlOCl woven composite C6 at 1100
◦C
in laboratory air and in steam. Creep stress levels adjusted for Vf = 0.39.
Table 5.4: Retained tensile properties of the NTM610/LaPO4/Al2O3 (8HSW) oxide-
oxide composite subjected to prior tensile creep at 1100 ◦C in laboratory air. All data













C4-2 37.5 112 103 0.12
C4-7 74.9 139 105 0.12
C4-11 84.3 134 71.9 0.16
Nextel610/LaPO4/
Al2O3-AlOCl
C6-1 35.2 82.9 90.0 0.07
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Figure 5.22: Eﬀects of prior creep at 1100 ◦C in air on tensile stress-strain behavior
of NTM610/ LaPO4/Al2O3 woven composite C4 at 1100
◦C.
The composite C4 specimen subjected to 100 h of prior creep at 32 MPa (equiv-
alent to 37.5 MPa for Vf = 0.39) in air showed a 17% increase in tensile strength,
Loss in elastic modulus was less than 1%. After 100 h of prior creep in air at 64 MPa
(equivalent to 74.9 MPa for Vf = 0.39), the tensile strength of the C4 composite is
increased by 45.5% and the elastic modulus is increased by 1%. After 100 h of prior
creep in air at 72 MPa (equivalent to 84.3 MPa for Vf = 0.39), the tensile strength of
the C4 composite is increased by 40.3%, but the elastic modulus is reduced by 30.8%.
Failure strains of the pre-crept specimens are somewhat larger than those obtained
for the as-processed material, which is consistent with the higher strength values and
similar or lower modulus values exhibited by the pre-crept specimens. Results in Fig.
5.22 reveal that the stress-strain behavior of the composite C4 is not signiﬁcantly
aﬀected by prior creep. The stress-strain curves produced by the pre-crept specimens
are nearly linear to failure as are the stress-strain curves produced by the as-processed
material.
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Figure 5.23: Eﬀect of prior creep at 1100 ◦C in air on tensile stress-strain behavior
of NTM610/LaPO4/Al2O3-AlOCl woven composite C6 at 1100
◦C.
As evidenced by the results in Table 5.4 and in Fig. 5.23, the strength and
modulus of composite C6 appear to be little aﬀected to prior creep in air. After 100
h of prior creep at 32 MPa (equivalent to 35.2 MPa for Vf = 0.39) in air, the strength
increased by less than 1% and the modulus increased by less than 2%.
5.4 Composite Microstructure
Microstructural investigation was conducted in order to explore damage and
degradation mechanisms behind mechanical performance. Composite microstructure
and fracture surfaces of all specimens examined using optical microscope. Further
understanding of the inﬂuence of elevated temperature and oxidizing environment on
microstructure of the composites is gained by examining the SEM images. To facilitate
comparison of results obtained for diﬀerent composites, all data are adjusted for Vf
= 0.39
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Figure 5.24: Fracture surface of C1 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
5.4.1 Composites C1 and C2. Optical images of the specimens tested in air
and in steam of the composites C1 and C2 can be seen in Fig.s 5.24, 5.25, 5.26. All
specimens exhibited largely planar fracture surfaces devoid of ﬁber pull out. Damage
zones were very short. Even the specimen C2-2 which survived for 40.1 h at 25 MPa
in steam had damage zone less than 1 mm in length. Planar fracture surfaces may
be attributed to the reduced matrix porosity and subsequent matrix densiﬁcation
due to additional sintering. As mentioned earlier, because the untested specimen of
composites C1 and C2 were bent the results obtained for composites C1 and C2 are
not conclusive. The discussion of microstructure of composites C1 and C2 is oﬀered
here for completeness.
5.4.2 Composites C3 and C4. Optical micrographs of C3 and C4 specimens
subjected to monotonic tensile tests can be seen in Fig.s 5.27, 5.28. Specimen C3-3
exhibited brushy failure surface with discernable ﬁber pull out. Damage zone reached
10 mm in length. However specimen C4-5 produced a predominantly planar fracture
surface. Hardly any ﬁber pull out was visible. The damage zone of the specimen C4-5
was noticeably shorter than that of C3-3 and is limited to 2 mm in length. Both
specimens exhibited multiple fracture planes which suggest that a single crack front
did not cause the failure.
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Figure 5.25: Fracture surface of C2 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
Figure 5.26: Fracture surface of C2 composite specimen tested in creep at 25 MPa
at 1100 ◦C in laboratory air (tf = 40.1 h): (a) front view and (b) side view.
Figure 5.27: Fracture surface of C3 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
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Figure 5.28: Fracture surface of C4 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
In all creep tests specimens of composite C3 produced brushy fracture surfaces
(see Fig.s 5.27, 5.29, 5.33, 5.37, 5.39). However, this was not the case for composite
C4. Fracture surfaces of composite C4 were predominantly planar with very limited
amount of ﬁber pull out. As seen in Fig.s 5.30, 5.34, 5.48, 5.42, the damage zones
were limited to 3 mm. It is instructive to compare the fracture surfaces produced
by specimen C3-1 tested in creep at 85 MPa in air (see Fig. 5.29) and specimen
C4-11 tested at in creep at 84.3 MPa (see Fig. 5.30). Specimen C3-1 exhibited a
somewhat more brushy fracture surface with limited ﬁber pull out, while specimen
C4-11 showed a nearly planar fracture surface. The damage zone of specimen C3-1 was
nearly three times longer than that of the specimen C4-11. Note that specimen C3-1,
which survived only 16.2 h at creep stress, produced a considerably shorter lifetime
than specimen C4-11, which achieved creep run-out of 100 h. Uncoordinated ﬁber
failures for both 0◦ and 90◦ ﬁbers as well as nearly planar fracture regions can be
seen in SEM image of specimen C3-1 in Fig. 5.31a. Fig. 5.32a shows that specimen
C4-11 produced a predominantly planar fracture surface. It can be seen from the
image in Fig. 5.31b that in the case of specimen C3-1 the amount of matrix attached
to the ﬁbers is less than that observed for specimen C4-11 (Fig. 5.32d). This may
be attributed to the diﬀerences in processes used to apply monazite coating to the
62
Figure 5.29: Fracture surface of C3 composite specimen tested in creep at 85 MPa
at 1100 ◦C in laboratory air (tf = 16.2 h): (a) front view and (b) side view.
Figure 5.30: Fracture surface of C4 composite specimen tested in creep at 84.3 MPa
at 1100 ◦C in laboratory air (tf > 100 h): (a) front view and (b) side view
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Figure 5.31: SEM micrographs of the fracture surface of C3 composite specimen
tested in creep at 85 MPa at 1100 ◦C in laboratory air (tf = 16.2 h).
ﬁbers of composites C3 and C4. Like other specimens of composite C4, specimen
C4-11 exhibited large matrix-rich areas (Fig.s 5.32c, 5.36b-c, 5.50c), which were not
observed in composite C3 and are unlikely to improve composite performance. It is
possible that such proliferation of matrix-rich areas as that observed in composite C4
could be avoided with careful composite processing. The ﬁndings were similar for
the same stress levels in steam environment. Fig. 5.33 shows that specimen C3-6,
tested at 85 MPa in steam, shows brushy fracture surface along with planar regions.
Fracture surface was more complex and longer than C3-1 which was expected due
to harsh environment. In the same manner Fig. 5.34 shows that specimen C4-10
exhibited longer damage zone and ﬁber bundles than the specimen C4-11 which can
be attributed to steam environment. However also C4-10 exhibited less ﬁber pull
out and more planar fracture surface than specimen C3-6. SEM images of both
specimens supports the observations made by optical micrographs (see Fig.s 5.35,
5.36). Images for both specimens showed that matrix kept its shape after ﬁber pull
out. This can be seen more apparently from Fig. 5.36b of specimen C4-10 where
matrix formed troughs existed. This may be an indication of reduced matrix porosity
and subsequent matrix densiﬁcation due to additional sintering which can severely
aﬀect crack deﬂection capability of the composite.
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Figure 5.32: SEM micrographs of the fracture surface of C4 composite specimen
tested in creep at 84.3 MPa at 1100 ◦C in laboratory air (tf > 100 h)
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Figure 5.33: Fracture surface of C3 composite specimen tested in creep at 85 MPa
at 1100 ◦C in steam (tf = 8.18 h): (a) front view and (b) side view.
Figure 5.34: Fracture surface of C4 composite specimen tested in creep at 84.3 MPa
at 1100 ◦C in steam (tf = 2.24 h): (a) front view and (b) side view.
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Figure 5.35: SEM micrographs of the fracture surface of C3 composite specimen
tested in creep at 85 MPa at 1100 ◦C in steam (tf = 8.18 h)
Figure 5.36: SEM micrographs of the fracture surface of C4 composite specimen
tested in creep at 84.3 MPa at 1100 ◦C in steam (tf = 2.24 h)
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Figure 5.37: Fracture surface of C3 composite specimen tested in creep at 85 MPa
at 1100 ◦C in steam (tf = 8.18 h): (a) front view and (b) side view.
Figure 5.38: SEM micrographs of the fracture surface of C3 composite specimen
tested in creep at 85 MPa at 1100 ◦C in steam (tf = 8.18 h):
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Figure 5.39: Fracture surface of C3 composite specimen tested in creep at 120 MPa
at 1100 ◦C in steam (tf = 0.03 h): (a) front view and (b) side view.
5.4.3 Composites C4 and C5. As mentioned earlier both composites had
woven ﬁber fabric and Al2O3 matrix. Composite C4 had monazite ﬁber coating while
composite C5 had no ﬁber coating and relied on porous matrix for crack deﬂection.
Fig. 5.28 and Fig. 5.40 shows that specimens from both composite exhibited predom-
inantly planar fracture surfaces in monotonic tensile tests. However specimen C4-5
exhibited relatively longer damage zone and had more ﬁber bundles in the fracture
surface.
Optical micrographs of C4-11 tested at 84.3 MPa in air and C5-9 tested at 60.1
MPa in air can be seen in Fig.s 5.30 and 5.41 , respectively. Both specimens exhibit
predominantly planar fracture surfaces. Specimen C4-11 exhibited very limited ﬁber
pull out and had longer damage zone, up to 1.5 mm in length. It is noteworthy that
specimen C4-11 was subjected a higher stress level.
Optical micrographs of C4-3 tested at 37.5 MPa in steam and C5-8 tested at
30 MPa in steam can be seen in Fig.s 5.42 and 5.43 , respectively. Both specimens,
again, exhibited predominantly planar fracture surfaces. Specimen C4-3 showed some
limited randomly spread ﬁber pull out. Specimen C4-3 had slightly longer damage
zone than specimen C5-8 had.
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Figure 5.40: Fracture surface of C5 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
Figure 5.41: Fracture surface of C5 composite specimen tested in creep at 61 MPa
at 1100 ◦C in laboratory air (tf = 3.42 h): (a) front view and (b) side view.
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Figure 5.42: Fracture surface of C4 composite specimen tested in creep at 37.5 MPa
at 1100 ◦C in steam (tf = 51.9 h): (a) front view and (b) side view.
Figure 5.43: Fracture surface of C5 composite specimen tested in creep at 30 MPa
at 1100 ◦C in steam (tf = 16.1 h): (a) front view and (b) side view.
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SEM micrographs of both specimen are presented in Fig.s 5.44, 5.45 respec-
tively. Fig.s 5.44a and 5.45a supports the observations of having dominantly planar
surfaces for both specimens. From Fig.s 5.44c and 5.46a-c it can be seen that more
amount of matrix attached to the specimen C5-8 than specimen C4-3. It is notewor-
thy that C4-3 subjected to 25% higher stress than C5-8 and lasted 300% longer in
steam environment. This may be attributed to the presence of monazite coating for
composite C4. For both specimens it is observed that matrix kept its shape following
debonding. This can be seen more apparently from Fig. 5.44d at where troughs can
be distinctively seen. These ﬁndings might be caused by reduced porosity of matrix
due to additional sintering of the matrix at elevated temperature. This phenomena
degraded the ﬂaw tolerance of both composites, especially composite C5 which relied
on porous matrix for crack deﬂection.
Entire SEM micrographs of two composites exhibited large matrix chunks ac-
companied with microcracks up to 0.3 mm in length. Although microcracks are
almost unavoidable due to present processing methods, having large matrix rich areas
can be addressed to misprocessing. This defect might have degraded the composites’
performance. In Fig.s 5.45d and 5.46b matrix void and ﬁber bridging features can
be seen for composite C5,respectively. Matrix void is believed to be originated from
accumulation of pores in the processing which results in decreased ﬁnely distribution
of porosity. Fiber bridging is supposedly resulted from closed ﬁber packets not al-
lowing adequate matrix distribution during the processing. Since inadequate matrix
exists between these closed packed ﬁbers, a crack directly penetrates through all ﬁbers
without deﬂection by the porous matrix.
5.4.4 Composite C4 and Composite C6. Composites C4 and C6 had woven
ﬁber fabric and same coating process. Composite C6 had an additional AlOCl matrix
inﬁltration. Fig.s 5.28 and 5.47 show that specimen C6-4 subjected to monotonic ten-
sile test exhibited relatively more planar fracture surface than specimen C4-5. There
was no ﬁber pull out nor signiﬁcant damage zone throughout the fracture surface.
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Figure 5.44: SEM micrographs of the fracture surface of C4 composite specimen
tested in creep at 32 MPa at 1100 ◦C in steam (tf = 51.9 h
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Figure 5.45: SEM micrographs of the fracture surface of C5 composite specimen
tested in creep at 30 MPa at 1100 ◦C in steam (tf = 16.1 h).
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Figure 5.46: SEM micrographs of the fracture surface of C5 composite specimen
tested in creep at 30 MPa at 1100 ◦C in steam (tf = 16.1 h).
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Figure 5.47: Fracture surface of C6 composite specimen tested in tension to failure
at 1100 ◦C in laboratory air: (a) front view and (b) side view.
Optical micrographs of specimens C4-2 and C6-1 tested in air at stress levels of 37.5
MPa and 35.2 MPa, respectively are presented in Fig.s 5.48 and 5.49. It is noteworthy
that both specimens achieved run out. Both specimens had similar fracture surface
characteristics compared to their tensile test fracture surfaces. This observation is
in consistent with achieving full retained tensile strength for both specimens. Both
specimens had hardly any ﬁbrous failure. Specimen C6-1 exhibited mostly planar
fracture surface with damage zone up to 1 mm in length. However, as aforemen-
tioned, specimen C4-5 had longer damage zone (up to 2 mm in length ). Absence of
single plane of fracture suggests that no single crack caused the specimens to fail.
SEM micrographs of specimens C4-2 and C6-1 are presented in Fig.s 5.50 and
5.51. From these magniﬁed images it can be easily seen that coordinated ﬁber failure
is dominant fracture characteristic for both fracture surfaces. Fig.s 5.50a and 5.51a
show that both specimens had large matrix rich areas with microcracks up to 0.5 mm
in length. This was more apparent for specimen C4-2. Both specimens had similar
amount of matrix attached to the ﬁbers which was expected due to the same ﬁber
coating process and very similar stress levels that were used in laboratory air. In
Fig. 5.51d of specimen C6-1 it can be seen that a matrix chunk was fractured and
lost integrity with ﬁbers. The troughs on the matrix may be an indication of reduced
porosity and subsequent matrix densiﬁcation due to additional sintering. This feature
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Figure 5.48: Fracture surface of C4 composite specimen tested in creep at 37.5 MPa
at 1100 ◦C in laboratory air (tf > 100 h): (a) front view and (b) side view
Figure 5.49: Fracture surface of C6 composite specimen tested in creep at 32 MPa
at 1100 ◦C in laboratory air (tf > 100 h): (a) front view and (b) side view.
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was more apparent for the specimen C6-1 which can be attributed to the additional
AlOCl inﬁltration. However crack deﬂection mechanism worked for the specimens
and both of them achieved run out.
Fig.s 5.42 and 5.52 show the optical micrographs of specimens C4-3 and C6-3
tested in steam at 37.5 MPa and 35.2 MPa, respectively. Both specimens exhib-
ited mostly planar fracture surfaces. Specimen C6-3 exhibited no visible ﬁber pull
out.However specimen C4-3 had some limited number of visible pull out. It is note-
worthy that specimen C4-3 survived almost 52 h while specimen C6-3 survived for
only 3.5 h in. The specimen C4-3 had also slightly longer damage zone than specimen
C6-3 which may be attributed to higher creep time under steam environment.
The SEM micrographs related to specimens C4-3 and C6-3 are presented in
Fig.s 5.44 and 5.53, respectively. Consistent with other specimens from composites
C4, C5 and C6, these specimens also exhibited large matrix rich areas with cracks on
them up to 0.4 mm in length. Overall view of Fig.s 5.44a and 5.53a were consistent
with optical micrographs. Along with apparent troughs on matrix for both specimens,
ﬁbers in specimen C4-3 had less amount of matrix attached on them than the ﬁbers
of specimen C6-3 had.(see Fig.s 5.44d and 5.53c ) This may be attributed to the
composite C6 being inﬁltrated with AlOCl. The inﬁltration might have caused addi-
tional sintering in steam environment which could trigger additional matrix sintering
and consequently increased matrix adherence to the ﬁbers. This ﬁnding supports
signiﬁcant decrease in lifetime of composite C6 in steam environment.
5.4.5 Unusual Microstructural Features Observed in Composites C3, C4 and
C6. There were two unexpected microstructural feature that were observed under
SEM:
(i) Micrographs of fracture surfaces produced by composites C3, C4 and C6 (shown
in Fig. 5.54a-c, respectively) reveal ﬁbers of other than round cross-section.
It is possible that the ﬁbers were deformed and assumed the elliptical cross-
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Figure 5.50: SEM micrographs of the fracture surface of C4 composite specimen
tested in creep at 37.5 MPa at 1100 ◦C in laboratory air (tf > 100 h)
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Figure 5.51: SEM micrographs of the fracture surface of C6 composite specimen
tested in creep at 32 MPa at 1100 ◦C in air ( tf > 100 h).
Figure 5.52: Fracture surface of C6 composite specimen tested in creep at 32 MPa
at 1100 ◦C in steam (tf = 3.47 h): (a) front view and (b) side view.
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Figure 5.53: SEM micrographs of the fracture surface of C6 composite specimen
tested in creep at 32 MPa at 1100 ◦C in steam (tf = 3.47 h).
81
Figure 5.54: SEM micrographs of the fracture surfaces of C4-C6, respectively.
section during processing. The eﬀect of such change in ﬁber shape on composite
performance is not clear at present.
(ii) A unique feature observed in specimen C6-3 is presented in Fig. 5.55. Structures
shaped like broken glass were not observed in the other specimens of composite
C6. The nature of this microstructural feature is not clear.
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Figure 5.55: SEM micrograph of the fracture surface of specimen C6-1 showing
unusual microstructural feature, i.e. structures resembling broken glass
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VI. Conclusions and Recommendations
6.1 Conclusions
To facilitate comparison of results obtained for diﬀerent composites, all data are
adjusted for Vf = 0.39.
6.1.1 Tensile Stress-Strain Behavior and Properties of the Composites.
Monotonic tensile tests to failure were conducted on specimens from each composite.
All tensile tests were conducted at 1100 ◦C in laboratory air in displacement control
at a constant rate of 0.05 mm/s. Results show that composite C3 exhibits consid-
erably higher UTS than composites C4, C5 and C6. Conversely, elastic modulus of
composite C3 is lower than that of composites C4-C6. The tensile strength of com-
posite C3 was more than 2 times that of composites C4 and C5. Diﬀerent methods
used to coat the ﬁbers in composite C3 and the woven ﬁber fabric in composite C4 is
believed to be the reason for such mechanical behavior. Precipitation method, used
for coating the woven ﬁber fabric, was reported to have a degrading eﬀect on the
strength of the ﬁbers [12,13]. Fair et al [12,13] observed the loss of ﬁber strength of
up to 30%. However, the results in this study reveal that the strength of composite
C4 was reduced by more than 30% compared to the strength of composite C3.
The addition of the monazite ﬁbercoating to composite C4 resulted in 22%
improvement in tensile strength and in 6% improvement in elastic modulus compared
to the uncoated-ﬁber composite C5.
The inﬁltration of the alumina matrix with AlOCl precursor in composite C6
resulted in almost 15% decrease in elastic modulus and in 14% loss of tensile strength
compared to the composite C4 with uninﬁltrated Al2O3 matrix.
6.1.2 Creep-Rupture Properties of the Composites. Creep-rupture tests at
various stress levels were conducted at 1100 ◦C in air and in steam environment
on specimens from each composite. All specimens from composite C3 that were
subjected to creep in air and in steam exhibited primary and secondary creep regime.
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Only specimen C3-5 which was tested at 110 MPa in steam exhibited tertiary creep
regime. Both in air and in steam creep strain accumulation decreased as the applied
stress increased. Creep strains produced at 85 MPa were an order of magnitude higher
than the failure strain obtained in the tension test. Creep strains produced at the
two higher stress levels were approximately three times the failure strain obtained in
tension tests. Test environment has little eﬀect on the appearance of the creep curves
obtained for the C3 composite. For a given creep stress, creep curves and creep strains
obtained in air are comparable to those produced in steam.
In composite C4 creep strain accumulation increased with increasing applied
stress, whereas all creep strains accumulated in air were ≤ 0.72%. Creep strains
produced at 64 and 84.3 MPa in air exceed the failure strain obtained in the tension
test. Conversely, creep strain accumulated at 32 MPa is less than half the failure strain
obtained in the tension test. The presence of steam had little eﬀect on the appearance
of the creep curves for the C4 composites. However, creep strains produced in steam
are considerably higher (in some cases an order of magnitude higher) than those
obtained in air for a given creep stress. No creep-run-out was achieved in steam.
All specimens from composite C5 tested in air, produced short lifetimes. How-
ever low creep rates, especially with specimens that were subjected to creep test at
40.5 and 61 MPa in air, are consistent with longer lifetimes. It is noteworthy that
specimen tested at 61 MPa in air failed due to equipment failure and the specimen
tested at 40.5 MPa in air showed some limited delamination as well as curvature prior
to testing. It is possible that considerably longer lifetimes could be achieved at those
stress levels in air in the absence of defects and equipment malfunction. It is believed
that the specimen curvature is also the cause of a short lifetime produced at 20 MPa
in steam. It is likely that a specimen without the initial curvature would produce a
longer lifetime at 20 MPa in steam.
The addition of monazite in composite C4 had beneﬁcial eﬀects on creep per-
formance in both air and steam environments. Both in air and in steam specimens
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from composite C4 exhibited signiﬁcantly lower creep strain accumulations in a given
time compared to the specimens from composite C5, tested at lower stress levels. The
lifetime produced by the monazite-containing composite C4 at 37.5 MPa in steam was
at least 3 times that produced by the uncoated ﬁber composite C5 at a lower stress
of 30 MPa in steam.
Only the primary and secondary creep regimes are observed in all creep tests
conducted in composite C6. Creep strain accumulated during 100 h at 32 MPa in
air was 0.49%. Test environment had negligible eﬀect on the form of creep curves
produced by composite C6. Creep curves obtained in steam are qualitatively similar
to those obtained in air. However, the presence of steam had a dramatic eﬀect on
creep strains. Creep strains accumulated at 32 and 48 MPa in steam approached to
an appreciable 3%. Moreover, in steam creep run-out was not achieved.
It appears that inﬁltration of the alumina matrix with the AlOCl precursor de-
graded creep performance. As an example the creep curve produced by the composite
C6 with the inﬁltrated matrix at 35.2 MPa lied not only above the creep curve pro-
duced by composite C4 with the uninﬁltrated alumina matrix at 37.5 MPa in air but
also above the creep curve produced by composite C4 at that stress level in steam.
6.1.3 Creep Rate Properties of the Composites. Minimum creep rate was
reached in all tests. In air, secondary creep rate for the C3 composite is almost two
order of magnitude higher than that for the C4 composite. It is likely that in air
monazite ﬁber coating technique by precipitation did not have a degrading eﬀect on
the creep rates of composite C4. In steam the secondary creep rate of the woven
composite C4 can be slightly higher than that of the unitape cross-ply composite C3.
These results are consistent with creep lifetimes of the compared specimens.
Both in air and in steam, secondary creep rates of the composite C4 are approx-
imately one order of magnitude lower than those of the composite C5. The addition
of monazite appears to have improving eﬀect on creep rates in both environments.
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In air, secondary creep rate for the composite C6 is almost one magnitude
higher than that of the composite C4 at similar stress level. However, both specimens
achieved run out. In the same manner, in steam secondary creep rates of the composite
C6 with the AlOCl inﬁltrated matrix are approximately an order or magnitude higher
than those of the C4 composite with an uninﬁltrated alumina matrix. It seems that
matrix inﬁltration with AlOCl degraded the creep rate and creep life performance of
the material.
6.1.4 Stress-Rupture Properties of the Composites. It is seen that creep
life of both composites C3 and C4 decreased with applied stress. The precipitation
method of coating ﬁber fabric in Composite 4 did not appear to have a detrimental
eﬀect on creep lifetimes in air. At 84.3 MPa the woven composite C4 achieved creep
run-out, while the unitape cross-ply composite C3 failed after 16.2 h at 85 MPa. The
presence of steam degraded the creep lifetimes of both composites. For the unitape
cross-ply composite C3, reduction in creep lifetime due to steam was ∼ 50% at the
lowest stress of 85 MPa. At the highest stress level of 120 MPa, the creep lifetime
was reduced by at least an order of magnitude in the presence of steam. In the case
of the woven composite C4, the reduction in creep lifetime due to steam was ∼ 50%
at 37.5 MPa and over 90% at stress level of 56.2 MPa.
In the presence of several bent and a delaminated specimen from composite C5,
a more reliable assessment of the eﬀects of monazite on creep lifetime can be made
by comparing the results produced by the monazite-containing composite C4 at 37.5
MPa in steam and those obtained for the uncoated ﬁber composite C5 at 30 MPa in
steam. In this case the addition of monazite signiﬁcantly improves creep lifetime in
steam, with creep lifetime of composite C4 being over 3 times that of composite C5.
In air both composites C4 and C6 achieved creep run-out at the lowest stress
levels. In steam, creep lifetime of each composite decreased with applied stress. For
composite C4 the reduction in creep life due to steam at 37.5 MPa was ∼ 50%, while
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for composite C6 with AlOCl inﬁltrated matrix, the reduction in creep life due to
steam at 35.2 MPa was ∼ 97%.
6.1.5 Retained Properties of the Composites. The specimens from composite
C4 tested at stress levels 37.5 MPa, 74.9 MPa and 84.3 MPa in air achieved run
out. This results suggests that this composite may qualify as a candidate for high
temperature applications below 78% UTS in air. All three specimens retained more
than 100 % tensile strength and somewhat lower elastic modulus. These results are
consistent with larger failure strains produced in pre-creep tensile tests compared to
failure strains produced in as-processed specimens’ tensile tests. The stress-strain
behavior of the composite C4 was not signiﬁcantly aﬀected by prior creep. Having
almost identical optical micrograph features in fracture surfaces and stress strain
curves for pre-crept and as-processed specimens support these results.
The strength and modulus of composite C6 appear to be little aﬀected to prior
creep in air. After 100 h of prior creep at 35.2 MPa in air, which is almost 47% UTS,
the tensile strength increased by less than 1% and the modulus increased by less than
2%.
6.1.6 Microstructural evaluation of the Composites. Except composite C3,
all composites investigated in this study produced predominantly planar fracture sur-
faces. Damage zone were less than 1 mm in length for most specimens. Hardly any
ﬁbrous failures were observed. The SEM images showed that composites C4, C5 and
C6 produced extensive areas of coordinated ﬁber failure. These ﬁndings may be at-
tributed to the reduced porosity of the matrix and subsequent matrix densiﬁcation
due to additional sintering, but other mechanisms may also be operating. Moreover
large matrix rich areas were apparent in these composites which are believed to com-
promise the performance of the composites. These noticeable matrix layers were likely
formed during processing of the materials.
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Composite C3 exhibited brushy failure regions along with some planar fracture
areas. In some cases damage zone were greater than 10 mm in length. Fiber pull
out was apparent in all C3 specimens tested. The SEM micrographs also showed
signiﬁcant amount of uncoordinated ﬁber failure along with some regions of near
planar fracture. The ﬁbrous fracture indicative of crack deﬂection and graceful failure
of composite C3 is attributed to the monazite coating of the ﬁbers, which provided
the weak interface between matrix and ﬁbers.
6.1.7 Composites C1 and C2. As mentioned earlier, the untested specimens
of composites C1 and C2 were severely bent. Thus in all tests conducted, specimens
were subjected to combined tension and bending instead of tension alone. Note that
specimens of Composites C1 and C2 did not fail in the gage section. The curvature
present in untested specimens of Composites C1 and C2 is likely the cause of early
failures and low UTS values, as well as of failure locations outside the gauge section.
Creep tests at stress levels of 32 and 25 MPa were performed for composites
C1 and C2, respectively. Attempts to perform creep tests at higher stress levels were
unsuccessful because the test specimens failed before reaching the creep stress level.
Failures of C1 and C2 specimens at fairly low stress levels are, again, attributed to the
curvature observed in the composite panels and, consequently, in the untested speci-
mens. The results of monotonic tensile and creep tests conducted with the specimens
from composites C1 and C2 presented in this study cannot be considered deﬁnite
due to the curvature of the as-processed composite panels. Discussion related these
composites is oﬀered for completeness only.
6.2 Recommendations
All composites investigated in this study had limited numbers of specimens. In
the absence of additional specimens, repeated tests for validating the data obtained
from the tests conducted in this eﬀort could not be performed. In future work more
specimens from similar composites should be tested. As mentioned earlier composite
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panels C1 and C2 were bent. Additional panels of composites C1 and C2 are needed to
obtain reliable data for these materials. In composites C4, C5 and C6 large matrix-
rich areas were observed. In most fracture surfaces these areas appeared as thick
matrix layers. The microstructural analysis along with results obtained from tests,
suggest that proliferation of the extended matrix-rich areas may have compromised
performance of the composites. This problem could be addressed by imposing stricter
control on processing of composites C4, C5 and C6.
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Appendix A. Additional SEM Micrographs
Figure A.1: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.2: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10 ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
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Figure A.3: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.4: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.5: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf=3.45h).
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Figure A.6: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.7: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.8: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
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Figure A.9: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.45h).
Figure A.10: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.11: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.12: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.13: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.14: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.15: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.16: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.17: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.18: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.19: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.20: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.21: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.22: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.23: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.24: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.25: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.26: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.27: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.28: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.29: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.30: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.31: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.32: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.33: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.34: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.35: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.36: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.37: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.38: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
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Figure A.39: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.40: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45h).
Figure A.41: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.42: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.43: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.44: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.45: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.46: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.47: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.48: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.49: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.50: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.51: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.52: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.53: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
108
Figure A.54: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.55: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.56: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.57: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.58: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.59: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.60: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.61: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
Figure A.62: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.23h).
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Figure A.63: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.64: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.65: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
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Figure A.66: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.67: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.68: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
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Figure A.69: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.70: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.71: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
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Figure A.72: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.0313h).
Figure A.73: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.74: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.75: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.76: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.77: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.78: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.79: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.80: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.81: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.82: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.83: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.84: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.85: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.86: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.87: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.88: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.89: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.90: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.91: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.92: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.93: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.94: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.95: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.96: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.97: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.98: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
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Figure A.99: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.748h).
Figure A.100: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
Figure A.101: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
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Figure A.102: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
Figure A.103: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
Figure A.104: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
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Figure A.105: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
Figure A.106: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
Figure A.107: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf =
0.748h).
126
Figure A.108: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.109: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.110: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.111: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.112: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.113: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.114: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.115: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.116: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.117: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.118: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.119: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.120: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.121: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.122: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.123: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.124: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.125: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.126: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.127: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.128: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.129: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.130: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.131: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.132: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.133: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.134: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.135: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.136: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.137: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
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Figure A.138: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.139: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf =
8.183h).
Figure A.140: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.141: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.142: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.143: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.144: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.145: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.146: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.147: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.148: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.149: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.150: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.151: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.152: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.153: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.154: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.155: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.156: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.157: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.158: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.159: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.160: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.161: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.162: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.163: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.164: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.165: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.166: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.167: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.168: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.169: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.170: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.171: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.172: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.173: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
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Figure A.174: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.175: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.176: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
149
Figure A.177: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.178: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.179: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
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Figure A.180: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.181: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.182: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
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Figure A.183: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.184: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.185: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
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Figure A.186: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.187: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.188: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
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Figure A.189: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9h).
Figure A.190: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.191: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.192: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.193: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.194: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.195: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.196: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.197: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.198: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.199: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.200: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.201: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.202: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.203: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.204: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.205: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.206: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.207: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.208: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.209: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.210: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.211: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.212: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.213: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.214: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.215: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.216: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.217: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.218: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.219: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.220: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.221: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.222: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.223: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in air at 1100 ◦C (tf = 100h).
Figure A.224: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.225: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.226: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.227: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.228: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.229: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.230: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.231: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.232: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.233: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.234: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.235: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.236: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.237: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.238: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.239: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.240: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.241: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.242: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.243: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.244: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.245: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.246: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.247: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.248: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.249: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.250: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
Figure A.251: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24h).
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Figure A.252: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.253: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.254: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.255: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.256: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.257: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.258: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.259: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.260: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.261: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.262: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.263: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.264: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.265: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.266: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.267: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.268: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.269: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.270: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.271: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.272: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.273: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.274: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
Figure A.275: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1h).
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Figure A.276: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.277: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.278: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.279: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.280: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.281: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.282: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.283: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.284: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.285: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.286: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.287: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.288: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.289: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.290: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.291: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.292: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.293: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.294: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.295: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.296: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.297: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.298: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.299: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.300: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.301: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.302: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.303: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.304: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.305: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.306: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.307: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.308: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.309: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.310: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.311: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.312: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.313: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.314: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.315: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.316: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.317: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.318: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.319: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.320: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
197
Figure A.321: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.322: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
Figure A.323: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34h).
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Figure A.324: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.325: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.326: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.327: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.328: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.329: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.330: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.331: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.332: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.333: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.334: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.335: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.336: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.337: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.338: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.339: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.340: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.341: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.342: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.343: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.344: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.345: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.346: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.347: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.348: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.349: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.350: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.351: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.352: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.353: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.354: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.355: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.356: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.357: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.358: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
Figure A.359: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01h).
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Figure A.360: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.361: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.362: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.363: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.364: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.365: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.366: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.367: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.368: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.369: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.370: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.371: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.372: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.373: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.374: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.375: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.376: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.377: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.378: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.379: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.380: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.381: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.382: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.383: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.384: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.385: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.386: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.387: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.388: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.389: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.390: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.391: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.392: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.393: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.394: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.395: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.396: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.397: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
Figure A.398: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in air at 1100 ◦C (tf = 100h).
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Figure A.399: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.400: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.401: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.402: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.403: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.404: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.405: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.406: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.407: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.408: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.409: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.410: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.411: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.412: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.413: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.414: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.415: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.416: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
229
Figure A.417: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.418: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.419: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.420: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.421: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.422: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.423: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.424: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.425: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.426: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.427: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.428: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.429: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.430: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.431: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.432: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.433: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.434: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.435: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.436: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.437: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.438: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.439: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.440: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
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Figure A.441: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.442: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 3.47h).
Figure A.443: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.444: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.445: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.446: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.447: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.448: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.449: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.450: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.451: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.452: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.453: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.454: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.455: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.456: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.457: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.458: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.459: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.460: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.461: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
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Figure A.462: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
Figure A.463: Fracture surface of the N610/LaPO4/Al2O3-LaPO4-AlOCl specimen
with 8ply HSW subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 2.06h).
245
Appendix B. Additional Optical Micrographs
Figure B.1: Side view of the virgin N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up.




Figure B.3: Side view of the virgin N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up.
Figure B.4: Side view of the virgin N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up.
Figure B.5: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.6: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.7: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.8: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.9: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply 0
◦/90◦
uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.10: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.11: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.12: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.13: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
Figure B.14: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
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Figure B.15: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
Figure B.16: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
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Figure B.17: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
Figure B.18: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 32 MPa in steam at 1100 ◦C (tf
= 3.45 h).
Figure B.19: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
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Figure B.20: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
Figure B.21: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
Figure B.22: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
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Figure B.23: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
Figure B.24: Side view of the virgin N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up.
Figure B.25: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.26: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.27: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.28: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.29: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.30: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.31: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.32: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.33: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.34: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.35: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.36: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.37: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.38: Fracture surface of the N610/LaPO4/Al2O3-LaPO4 specimen with
10ply 0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.39: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
Figure B.40: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
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Figure B.41: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
Figure B.42: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
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Figure B.43: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
Figure B.44: Fracture surface of the N610/Al2O3-LaPO4 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 25 MPa in steam at 1100 ◦C (tf
= 40.1 h).
Figure B.45: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
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Figure B.46: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
Figure B.47: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
Figure B.48: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
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Figure B.49: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
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Figure B.50: Side view of the virgin N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up.
Figure B.51: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.52: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.53: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.54: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.55: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.56: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.57: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.58: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.59: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
Figure B.60: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
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Figure B.61: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
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Figure B.62: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
Figure B.63: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
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Figure B.64: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in air at 1100 ◦C (tf =
16.2 h).
Figure B.65: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
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Figure B.66: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
Figure B.67: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
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Figure B.68: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
Figure B.69: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
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Figure B.70: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 85 MPa in steam at 1100 ◦C (tf
= 8.18 h).
Figure B.71: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.72: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.73: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.74: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.75: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.76: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.77: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.78: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.79: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.80: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.81: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
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Figure B.82: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 110 MPa in steam at 1100 ◦C (tf =
0.35 h).
Figure B.83: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
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Figure B.84: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
Figure B.85: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
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Figure B.86: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
Figure B.87: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
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Figure B.88: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
Figure B.89: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
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Figure B.90: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in air at 1100 ◦C (tf
= 0.74 h).
Figure B.91: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
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Figure B.92: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
Figure B.93: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
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Figure B.94: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
Figure B.95: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
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Figure B.96: Fracture surface of the N610/LaPO4/Al2O3 specimen with 10ply
0◦/90◦ uni-tape lay-up subjected to creep test at 120 MPa in steam at 1100 ◦C (tf =
0.03 h).
Figure B.97: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.98: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.99: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.100: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.101: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.102: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.103: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.104: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.105: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.106: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.107: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.108: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.109: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.110: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.111: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.112: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
291
Figure B.113: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.114: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.115: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
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Figure B.116: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.117: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.118: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9 h).
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Figure B.119: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9 h).
Figure B.120: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9 h).
Figure B.121: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9 h).
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Figure B.122: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf = 51.9 h).
Figure B.123: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.124: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
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Figure B.125: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.126: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.127: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
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Figure B.128: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.129: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.130: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in air at 1100 ◦C (tf > 100 h).
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Figure B.131: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.132: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.133: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
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Figure B.134: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.135: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.136: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
299
Figure B.137: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.138: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf = 7.58 h).
Figure B.139: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
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Figure B.140: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
Figure B.141: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
Figure B.142: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
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Figure B.143: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
Figure B.144: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
Figure B.145: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
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Figure B.146: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 64 MPa in steam at 1100 ◦C (tf = 2.38 h).
Figure B.147: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.148: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
303
Figure B.149: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.150: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.151: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
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Figure B.152: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in air at 1100 ◦C (tf > 100 h).
Figure B.153: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
Figure B.154: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
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Figure B.155: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
Figure B.156: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
Figure B.157: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
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Figure B.158: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 72 MPa in steam at 1100 ◦C (tf = 2.24 h).
Figure B.159: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.160: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
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Figure B.161: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.162: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.163: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
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Figure B.164: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.165: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.166: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
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Figure B.167: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.168: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.169: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
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Figure B.170: Fracture surface of the N610/Al2O3 specimen with 8ply HSW sub-
jected tension to failure in laboratory air at 1100 ◦C.
Figure B.171: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
Figure B.172: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
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Figure B.173: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
Figure B.174: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
Figure B.175: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
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Figure B.176: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
Figure B.177: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
Figure B.178: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 20 MPa in steam at 1100 ◦C (tf = 3.53 h).
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Figure B.179: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
Figure B.180: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
Figure B.181: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
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Figure B.182: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
Figure B.183: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
Figure B.184: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 30 MPa in steam at 1100 ◦C (tf = 16.1 h).
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Figure B.185: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
Figure B.186: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
Figure B.187: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
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Figure B.188: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
Figure B.189: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
Figure B.190: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
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Figure B.191: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in air at 1100 ◦C (tf = 3.34 h).
Figure B.192: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
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Figure B.193: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
Figure B.194: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
Figure B.195: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
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Figure B.196: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
Figure B.197: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
Figure B.198: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
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Figure B.199: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 40.5 MPa in steam at 1100 ◦C (tf = 0.01 h).
Figure B.200: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 61 MPa in air at 1100 ◦C (tf = 3.42 h).
Figure B.201: Fracture surface of the N610/LaPO4/Al2O3 specimen with 8ply HSW
subjected subjected to creep test at 61 MPa in air at 1100 ◦C (tf = 3.42 h).
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Figure B.202: Side view of the virgin N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW.
Figure B.203: Side view of the virgin N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW.
Figure B.204: Side view of the virgin N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW.
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Figure B.205: Side view of the virgin N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW.
Figure B.206: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.207: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.208: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.209: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.210: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.211: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.212: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
Figure B.213: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected tension to failure in laboratory air at 1100 ◦C.
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Figure B.214: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
Figure B.215: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
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Figure B.216: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
327
Figure B.217: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
Figure B.218: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
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Figure B.219: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
Figure B.220: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
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Figure B.221: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
Figure B.222: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in air at 1100 ◦C (tf > 100
h).
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Figure B.223: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
Figure B.224: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
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Figure B.225: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
Figure B.226: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
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Figure B.227: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
Figure B.228: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
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Figure B.229: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
Figure B.230: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 32 MPa in steam at 1100 ◦C (tf =
3.47 h).
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Figure B.231: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
Figure B.232: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
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Figure B.233: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
Figure B.234: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
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Figure B.235: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
Figure B.236: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
8ply HSW subjected subjected to creep test at 48 MPa in steam at 1100 ◦C (tf =
2.06 h).
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Figure B.237: Fracture surface of the N610/LaPO4/Al2O3-AlOCl specimen with
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The creep behavior of six oxide-oxide ceramic-matrix composites (CMCs) was investigated at 1100 ◦C in air and in
steam. The six CMC systems had an alumina matrix reinforced with NextelTM610 ﬁbers. The CMC systems C1, C2 and
C3 were reinforced with 10 uni-directional ﬁber layers in a symmetric cross-ply orientation while C4, C5,and C6 were
reinforced with 8 plies of ﬁber fabric woven. Composites C2, C3, C4, and C6 had monazite ﬁber coating. The tensile
properties of the six CMC systems were investigated. Diﬀerent methods used to apply the monazite coating to the
uni-tape cross-ply composites, and the woven composites were the likely cause of reduced strength of the woven CMCs.
Creep performance of all six CMC systems was noticeably degraded in steam. Creep run-out was achieved for only
composites C4 and C6 in air. Results reveal that for a given ﬁber architecture and ﬁber coating method, the use of the
monazite coating resulted in considerable improvement in creep resistance. Composite microstructure, as well as damage
and failure mechanisms were investigated.
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